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Abstract 
 
Coal spoil constitutes a highly heterogeneous mining waste material that varies greatly in 
particle size, hydraulic conductivity, and mineral solubility. It is difficult to fully prevent water 
entry into spoil heaps, and the salt-leaching of mine spoil into mine pits and other final voids 
is almost inevitable. In geochemical and water balance modelling, the rate of salt generation 
from spoil is generally assumed to be constant and based upon the total intrinsic salt content.  
However, in theory the rate of salt generation from spoil will decrease over time due to an 
initial flushing of soluble salts followed by mineral weathering, until a quasi-steady state 
equilibrium is reached. The factors which influence the rate of salt release from spoil have not 
yet been investigated in detail, making it difficult to predict, for example, the salt contribution 
from spoil to final voids. This research aims to quantify and characterise changes in salt 
concentration over time for leachates from spoils of different compositions.  
Spoil samples were selected from the Burton, Moorvale, and Oaky Creek mines in the Bowen 
Basin of Central Queensland, Australia to represent dominant but different types of lithology 
(mineralogy and texture). The case study area has a semi-arid climate, and the geological age 
of local sedimentary coal seam measures is commonly Late Permian to Tertiary. Spoil samples 
varied from matrix-dominated (‘soil-like’) to framework-dominated (‘rock-like’). Based on a 
series of short-term characterisation tests, including degradation tests, patterns were established 
to assign the spoil samples into groups in a spoil salinity classification system. Small-scale 
free-draining funnel leaching was carried out using mixed, and controlled particle size fractions 
to assess the effect of particle size as a proxy for a range of void spaces inside spoil heaps. 
Changes in spoil composition, degradation, and hydrology were measured, as well as leachate 
salt concentration and geochemistry. Additionally, upscaled leaching experiments on 1-1.5 
tonnes spoil samples in 1 m3 medium-scale containers (‘mesocosms’) were conducted to 
simulate the moisture regimes of the upper, middle and lower zones of a full-scale spoil heap. 
Typical soil-like and rock-like spoil samples were leached over a 15-month period in the 
mesocosms. 
Spoil physical degradation was identified as a key factor influencing the rate of salt release. 
Spoil groups were described as having a rapid, episodic, or slow degradation rate. A rapid 
degradation rate was associated with matrix-only or matrix-supported spoil, while framework-
supported and framework-only spoils were generally showed episodic or slow degradation. 
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Degradation changed the particle size distribution of the spoil, which influenced its 
hydrological properties and ability to generate salt. Rapidly degrading soil-like spoil types 
produced the highest initial salt concentrations with a sharp decay curve, while competent, 
slowly-degrading rock-like spoil types produced a relatively gradual decay. 
Spoils containing a relatively high proportion of carbonate minerals degraded slowly and 
produced a neutral or alkaline pH. Acid-base neutralisation reactions were imbalanced if the 
spoil had a relatively high sulfur and low carbonate content. Sulfuric acid caused the dissolution 
of carbonates and silicate minerals, resulting in rapid spoil degradation. In acidic conditions, 
the leachate geochemistry was characterised by the presence of Ca2+, Mg2+ and SO4
2- ions. In 
neutral or alkaline conditions, the leachate geochemistry was generally dominated by Na+ and 
Cl- ions.   
Additionally, a high proportion of fine spoil particles caused a longer spoil-water interaction 
time, and a higher salt concentration compared to coarser particles of the same spoil type. Ion 
exchange reactions and slow mineral weathering occurred when water within the spoil matrix 
had a long residence time. Coarse spoil particles produced the fastest drainage times and 
generated a relatively low and constant salt concentration over progressive leaching cycles.  
Similar hydrological response times were observed in the mesocosms, despite differences in 
spoil lithology and particle size. In rock-like spoil, large continuous pores assisted the flow of 
water through the spoil, limiting the ability of water to distribute into the matrix. Results 
indicated that the formation of preferential flow paths occurred predominantly in soil-like spoil, 
where pore space was limited due to spoil texture heterogeneity. Water infiltrating slowly 
through the matrix produced higher salt concentrations, compared to water travelling through 
coarse pores or preferential flow.  
Moisture was essential to allow the mobilisation of salt from pore spaces. This was a critical 
factor to consider when upscaling to full-size spoil heaps, as different moisture conditions exist 
in the upper, middle, and lower zones of a spoil heap. Although the bulk of the middle zone 
was not well represented by the laboratory or mesocosm experiments, this research indicates 
that saturated spoil conditions produced higher salt concentrations than unsaturated conditions. 
In general, soil-like spoil released salt rapidly to approach a quasi-steady state equilibrium, 
whereas rock-like spoil produced a more gradual salinity decay over time. 
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INTRODUCTION 
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1.1. INTRODUCTION 
Historically, most coal seams were mined underground, but due to improvements in technology 
and mining equipment, for the past 40 years it has been economically feasible to shift much 
larger quantities of overburden by open-cut methods to reach coal seams. Doka (2009), for 
example, suggested global total annual waste figures of 22,240 Mt from black coal mining and 
3,900 Mt from lignite mining, which equates to a waste ratio of about 4:1. Stripping ratios vary 
depending on many factors, including topography, the strike and dip of the coal, and seam 
thickness. 
Spoil, which constitutes the largest fraction of solid coal waste, is comprised of a heterogeneous 
mixture of waste rock materials, including sandstone, siltstone, mudstone, shale, conglomerate, 
and coal. The particle size distribution may range from 2 m boulders, down to clay particles 
less than 1 mm.  
Spoil may be used as backfill for previously mined open pits, which drain into the active 
working pit (termed “in-pit” disposal). It is also a common practice to use trucks to dump spoil 
into out-of-pit emplacements, which drain out-of-pit seepage. Waste rock structures, called 
spoil piles, dumps, or heaps, can reach heights of 100 to 400m and cover substantial areas of 
land (Koosmen et al., 2015). The spoil dumping method and disposal location are two 
important factors that affect the physical properties of spoil (e.g. Kho and Williams, 2015; 
Simmons et al., 2015; Simmons and McManus, 2004; Phelps et al., 1983). 
Seepages of saline water from spoil heaps contribute to a long list of salt-related environmental 
problems. There has been growing concern over the salinisation of surface water and 
groundwater by mine drainage, which adversely impacts aquatic ecosystems and degrades 
drinking water quality (e.g. Daniels et al., 2014; Cañedo-Argüelles et al., 2013; Proctor and 
Grigg, 2006).  
For example, Wright (2012) investigated waterways near Sydney that were affected by four 
operating and abandoned coal mines, and found the salinity to be on average, 334%  higher 
than upstream levels, as well as an increase in alkalinity by 1.5 pH. These changes were likely 
to impact algal diatom communities, as well as other adverse effects higher in the food chain 
web. Surface waterways exist in a delicate balance that may be disrupted by even slight changes 
in water quality, particularly if salinity is accompanied by metalliferous drainage. To mitigate 
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these environmental risks, saline water should be contained on-site wherever possible, and 
released at such a time that it can be diluted, e.g. in a flood event. 
Acid Mine Drainage (AMD) is a known environmental impact from coal mine leachates and 
is primarily caused by the oxidation of pyrite (FeS2) and the generation of sulfuric acid (H2SO4) 
(Evangelou and Zhang, 1995). Coal mine salinity issues are less well-known, but often occur 
alongside AMD. If AMD issues are present, this will usually increase the salt load, particularly 
in marine-influenced sedimentary coal measures (Williams, 1995). Alternatively, saline 
leachates may be associated with sodic spoil, indicated by a high Exchangeable Sodium 
Percentage (ESP), and poor hydraulic conductivity (Olatuyi and Leskiw, 2014; Raine and 
Loch, 2003).  
Figure 1.1 illustrates a range of acidic and neutralised AMD cases from Illinois and Tennessee, 
USA and Bowen Basin in Australia. The most common species in the USA mines are SO4
2-, 
HCO3
-, and Ca2+. By contrast, water chemistry in Bowen Basin coal mines is dominated by the 
highly soluble species Na+ and Cl- . In addition to environmental concerns, the reuse of mine 
water in coal processing is limited if the water is saline, as high concentrations of salts are 
linked to corrosion issues in preparation plants (Gozzard et al., 2009).  
 
 
Figure 1.1. Classification of water chemistry from (a) AMD-affected coal mines in the 
USA; and (b) coal mines in Australia with salinity issues (Source: PPK Environment 
and Infrastructure, 2002) 
Salt generation may also be the root cause of many spoil heap stability problems. Dispersive 
clay particles that are high in sodium (Raine and Loch, 2003) are linked to gullying, such as 
4 
rill and tunnel erosion (Vacher et al., 2004). In eastern China, subsided land caused by 
underground mining was found to have an increased salt content that further increased with 
age (Hu et al., 1997). Spoil heaps that are salt-generating are also extremely difficult to 
rehabilitate with vegetation, as high levels of salt are toxic to most plant species (Grigg et al., 
2003).  
A summary of salinity studies from around the world relating to coal mining is shown in Table 
1.1. 
Table 1.1. Global overview of coal mine spoil salinity research 
Type of Mining Region Typical EC Range 
(mS/cm) 
Dominant Ions Selected References 
Mountaintop Appalachia, USA 0.5–3.5 SO4, Ca, Mg Daniels et al., 2014; 
Agouridis et al., 2012; 
Orndorff et al., 2010  
Open-cut and 
underground 
Western USA e.g. 
Colorado, New 
Mexico 
2.7–17.0   SO4, Na, Cl Musslewhite et al., 
2005; Zielinski et al., 
2001; Weber et al., 
1979  
Open-cut Bowen Basin, 
Queensland, 
Australia 
0.8–24.0  Na, Cl Park et al., 2013; Vink 
et al., 2009; Williams, 
1995 
Open-cut Kleinkopje 
Colliery, Witbank, 
South Africa 
2.05–2.94 SO4, Ca Annandale et al., 2001 
Underground Douro Coalfield, 
Portugal 
0.1–1.6   SO4 Ribeiro et al., 2010 
Open-cut Lignite mines, 
central and eastern 
Germany 
0.2–6.4 SO4, Ca Krümmelbein et al., 
2012; Schultze et al., 
2010 
Open-cut Alberta, Canada 0.5–7.1   Na, Cl Olatuyi and Leskiw, 
2014 
Underground Eastern China 1.4–10.0 Unspecified Hu et al., 1997 
 
Underground 
Derbyshire and 
Yorkshire, UK, and 
River Almond, 
Scotland 
0.2–9.5 SO4, Na, Cl Banks et al., 1997; 
Younger, 1995 
 
The cost of rehabilitating spoil is considerable and will increase as more spoil is produced. For 
example, in the Fitzroy Basin of Queensland, Australia, the projected cost of rehabilitating 
mined land to an acceptable standard was estimated by Lechner et al. (2016) to range from 
$A2.7 to $A5.5 billion, using a manual interpretation of remote sensing data. Spoil 
rehabilitation was found to represent the largest portion of liability costs, followed by pit lakes, 
cleared land, and washery wastes. In comparison, Williams (2000) used data from the Bowen 
Basin to estimate rehabilitation costs ranging from $A600 million to $A2 billion, assuming the 
future land use is sparse grazing, and slope angles are reshaped to approximately 15%. 
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In the USA, complete backfilling of mining pits has been mandatory since 1977 (US 
Government Code of Federal Regulations, 2000). No permanent impoundments are allowed 
on top of the backfilled pit, and terraces may only be constructed for the purposes of stability 
and erosion control. A minimum of 4 ft (1.2 m) of non-combustible, non-toxic cover material 
must also be applied for the final landform (US Government Code of Federal Regulations, 
2000). 
However, internationally, complete backfilling is rare. In China, coal mine spoil has 
traditionally been dumped in cone-shaped heaps, but these were found to generate dust, to self-
ignite, and were poorly vegetated. From the 1980s onwards, spoil in China has been dumped 
as fill into land subsided from underground coal mining, to potentially enable land reuse (Bian 
et al., 2009). In Russia, there is little control over out-of-pit coal spoil dumping, and disturbed 
land is estimated to make up about 20% of the populated area in Kuzbass, where 59% of 
Russia’s coal is mined. At best, degraded land may be turned over to forestry for restoration 
(Paramonova, 2015). In Australia, complete backfilling is considered an option for 
rehabilitation. 
To put the problem into context, salt accumulation in spoil must be viewed against the global 
salt cycle. Figure 1.2 attempts to illustrate the movement of salt between various environments.  
 
 
Figure 1.2. The salt cycle (based on data from Garrels et al., 1975) 
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The salt contained in coal mine spoil originates from the ocean or lakes, and is deposited into 
rocks that eventually become soil, as shown in the lower half of the cycle. The excavation and 
dumping of spoil represent a disruption of these natural processes in the salt cycle, which were 
previously in general equilibrium.   
By definition, a salt is formed when a cation (e.g. Ca2+, Na+, Mg2+ or K+) bonds ionically with 
an anion (e.g. Cl-, SO4
2-, NO3
-, CO3
2-, or OH-) by exchanging electrons. As a solid compound, 
the salt has an overall net charge of zero. When the salt dissolves in a solvent such as water, 
the cations and anions become free moving ions which can conduct electricity. All metals and 
non-metals can form salts, but the solubility of the salt will vary depending on the strength of 
the ionic bond between the anion and the cation.  
The most commonly known salt is halite (NaCl), or table salt, which has a log solubility product 
constant (pKsp) value of -1.58, indicating that it dissolves readily. Salts may be soluble, semi-
soluble, or insoluble depending on the temperature, pressure, and pH of the solution. For 
example, calcite (CaCO3) is barely soluble in water (pKsp = 8.48); however, in the presence 
of acid, the salt becomes reactive and begins to dissolve. It is for this reason that more salt is 
produced when AMD is also present. 
Despite the scale of the salinity problem, there is still an ongoing debate about the sources of 
salts in the mining context. There have been few case studies (e.g. Li et al., 2014; Vink et al., 
2009; Hancock et al., 2005; David et al., 2004; Herczeg et al., 2001) to provide a scientific base 
for assessing and managing the generation of salt from coal mine sites. 
There is a lack of data for salt species evolution, as well as documented field experiments for 
monitoring salt generation from coal mine spoil. There is no classification system for spoil on 
the basis of salinity, and the effects of preferential flow paths have not yet been studied. The 
reason for some of these knowledge gaps may be that historically, concern over coal mine spoil 
has been primarily focused on AMD and hazardous trace element mobilisation.  
In addition, the study of coal mine leachates has been limited to overburden spoil that is 
comprised of natural rock materials. The co-disposal of spoil with other mine waste, such as 
washery rejects and tailings is a new waste management strategy (Koosmen et al., 2015), that 
will require further research to assess the impact of these fine particles on salt release. The 
practice of using saline recycled process water for dust control on spoil heaps may reduce water 
consumption on mine sites, but the effect on seepage concentrations is unknown.    
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Currently, there is also a lack of published literature regarding salt generation from closed, or 
abandoned, mines and focus has been on large, operating mines, especially those producing 
large volumes of spoil (e.g. those in the Hunter Valley, Australia) (NSW Government, 2005). 
Associated risk and feasibility studies have generally been conducted on a site-by-site basis 
(Akcil and Koldas, 2006). 
The problem statement is: 
Mining companies face the problem of salt release from spoil heaps. It is difficult to protect 
ground and surface water quality near mine sites without knowing the salinity contribution 
from spoil. 
When attempting to model final void salinity, many parameters can be calculated from climate 
data and water quality monitoring. Up until now, the Gss parameter has been estimated from a 
“worst case scenario”, which assumes that all salt contained within the spoil is leached out 
within the first few years. In reality, this assumption is often untrue. Mining companies face 
unnecessary expenditure in rehabilitation costs as a result. 
 
Figure 1.3. Parameters in final void modelling (Hancock et al., 2005) 
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1.2. LITERATURE REVIEW 
1.2.1. Intrinsic properties of spoil 
The composition of the parent rock has the strongest influence on the properties of the spoil 
and its capacity to generate salt (Sobek et al., 2000). Table 1.2 lists the proportions of typical 
spoil minerals. Salt generation is influenced partially by entrained salts, but mainly by the 
mineralogy of the spoil, regardless of whether the sediments and rock fragments in spoil are 
freshly excavated or have been exposed to weathering for several years.    
 
Table 1.2. Mineralogical composition of coal mine spoil (modified from Boggs, 2014) 
Major 
Mineral 
Abundance Varieties Chemical Formulae 
Quartz 30–65%  SiO2 
Feldspars  5–15% K-feldspar (orthoclase, microcline, sanidine, 
anorthoclase); Plagioclase-feldspar (albite, 
oligoclase, andesine, labradorite, bytownite, 
anorthite). 
e.g. KAlSi3O8, NaAlSi3O8, 
CaAl2Si2O8 
Clay minerals 
and fine micas 
5–60% Clays: Kaolinite; illite; smectite 
(predominantly montmorillonite); chlorite. 
Micas: muscovite; biotite. 
e.g. Al2Si2O5(OH)4, 
(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10
[(OH)2,(H2O)] 
Carbonates 1–3%  Calcite; aragonite; dolomite; siderite. e.g. CaCO3, CaMg(CO3)2 
Organic 
matter, 
evaporites, 
heavy 
minerals 
<1–3% e.g. gypsum, halite, pyrite, jarosite, goethite, 
hematite, magnetite, olivine, pyroxene, zircon, 
tourmaline, sphene etc. 
e.g. CaSO4, NaCl, FeS2, 
KFe3(SO4)2(OH)6, FeOOH, 
Fe2O3, Fe3O4, (Mg+2, 
Fe+2)2SiO4, ZrSiO4 
Rock 
fragments 
10–15% Any kind of igneous, sedimentary, or 
metamorphic clasts e.g. chert 
- 
Chemical 
cements 
Variable Silicate, carbonate, iron oxide, or sulfate 
minerals 
- 
 
Fresh spoil gradually weathers to a more soil-like state. Spoil which has been exposed to the 
atmosphere for a period of time, and undergone chemical weathering in the form of hydrolysis, 
contains a higher proportion of fine-grained particles compared to fresh spoil. Certain 
environmental factors favour the formation of particular clay minerals from silicates (Lewis 
and McConchie, 1994; Fieldes and Swindale, 1954a). For example, alkaline pH conditions in 
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low rainfall semi-arid climates favour the formation of montmorillonite clays on basaltic rocks. 
The higher cation exchange capacity (CEC) of clays compared to other particle types correlates 
to a greater capacity to adsorb and release salt (Raine and Loch, 2003). The leaching of salt 
from spoil is, therefore, closely related to the clay content of the spoil (Simmons and Fityus, 
2016).  
1.2.2. Textural classifications 
Smith et al., (1995) divided spoil into two types: (a) “soil-like”, where coarse fragments are 
embedded within a finer matrix and infiltration is relatively uniform; and (b) “rock-like”, in 
which the point-to-point contacts between the coarse fragments allow visibly open void spaces, 
through which water can easily travel. 
This strategy formed the basis for a more refined method of textural classification developed 
by Simmons and McManus (2004), which they refer to as a “spoil structure control ranking”. 
Here, the spoil material is considered to consist of larger particles (framework), and finer 
particles (matrix). As shown in Figure 1.4, the spoil can then be designated a specific category 
based on its particle size distribution, which is usually performed by sieve analysis.  
Figure 1.4. Spoil structure control ranking (based on Simmons and McManus, 2004) 
Simmons and McManus (2004) observed that when there is a relative abundance of matrix, 
contact between framework particles is poor, and the spoil mass will be weaker and easily 
compressed. This lithological classification was used for assessing the shear strength of spoil 
along with predominant particle size, consistency (cohesion), liquid limit, and age (Simmons 
and McManus, 2004).  
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Spoil is at its strongest when it is dry, but when rainfall begins to infiltrate, the contacts between 
particles begin to slake and weaken (Kho and Williams, 2015; Simmons and McManus, 2004; 
Vacher et al., 2004; Raine and Loch, 2003). Spoil moisture and stability are strongly inter-
related. If a spoil heap is showing signs of severe weathering and instability, it is a sign that 
water is being retained within the matrix and its moisture content is increasing. Conversely, a 
framework-dominated, rock-like heap would not retain water, as it would escape through the 
pore spaces and the moisture content in the spoil heap would remain relatively low.  
Conceptually, a spoil salinity classification system would need to link geotechnical classes with 
dump construction and be enhanced with details of lithology and salt release (Simmons and 
McManus, 2004). Further research is required to develop a classification system suitable for 
this purpose, as it appears there are many gaps in the knowledge base. David et al. (2004) 
named mobile salt loads and species evolution in spoil, as two examples of knowledge gaps. 
 
1.2.3. The structure and hydrology of spoil heaps 
The end-dumping of spoil by trucks over existing heaps, and dragline dumping, tends to 
produce a segregated zonation with coarser particles in the lower portions of the slope. By 
contrast, in the free-dumping method, trucks dump spoil on the top of a near-flat heap in 2m 
high lifts, creating relatively non-segregated spoil, which lacks distinct structural zonation 
(Smith et al., 1995). Truck dump heights can reach up to 400 m (Simmons and Fityus, 2016). 
Irrespective of the dumping method, reshaping and levelling of the spoil heap is carried out by 
a bulldozer, and to minimise footprints, spoil heaps are generally made as steep as possible 
(Fityus et al., 2008).  
For spoil that is segregated (i.e. by end dumping), the largest material, subjected to gravity, 
usually rolls downslope to the toe, and the fines accumulate at the crest (Smith et al., 1995). 
This layering is always parallel to the angle of repose of the spoil heap. Spoil material has been 
observed to become sorted into coarse and fine layers over successive dumps along the angle 
of repose (Simmons et al., 2015; Williams and Rohde, 2008). 
To assess their potential for salt generation, the moisture properties of spoil heaps must be 
understood. Although lacking hard data, Simmons et al. (2015) proposed three different 
moisture zones for a spoil heap (Figure 1.5). In the upper zone (1.5–4m depth), the water 
content is dependent on environmental factors, such as rainfall and evapotranspiration. Below 
this, the middle zone (left after subtracting the upper and lower zones) is mostly unsaturated, 
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except for the presence of perched water tables. In the lower zone (basal 0.3–3m), the spoil is 
saturated due to the re-entrance of the groundwater table.  
 
Figure 1.5. Three-zone model for moisture conditions within spoil heaps (based on 
Simmons et al., 2015) 
 
Viewed from a different perspective, Williams and Rohde (2008), considered spoil heaps to 
behave like “sponges” which were initially unsaturated, but accumulated moisture like a 
storage unit. Final full field capacity may not be reached for a number of years. However, it 
should be noted that even when the spoil heap approaches full saturation, “dead zones” have 
been found to occur, which may always remain dry (Diodato and Parizek, 1987).  
Full field capacity for a spoil heap is usually reached when any base seepage is matched by 
additional rainfall infiltration. This ‘continuum breakthrough’ marks the degree of saturation 
above which the spoil heap has far greater potential for solute transport to the environment 
(Williams and Rohde, 2008). 
Moreover, according to Simmons et al. (2015) and Williams and Rohde (2008), the spoil heap 
must be considered to have complex layers of both saturated and unsaturated material parallel 
to the angle of repose, as well as zones from the top to base. Earlier work by Buczko et al. 
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(2001), showed that hydraulic conductivity increases with depth for dragline spoil heaps, due 
to an increase in the coarse grain fraction. Furthermore, an unsaturated, densely compacted 
zone of low hydraulic conductivity forms at the tip of the spoil heap, which is caused by traffic 
impact (Buczko et al., 2001).  
 
1.2.3.1. Preferential flow paths 
Several authors (e.g. Rohde and Williams, 2009; PPK Environment and Infrastructure, 2002; 
Hersymiuk, 1996) have noted increased saturated hydraulic conductivity between coarse 
particles (Figure 1.5), which create preferential flow paths for rainwater that is infiltrating 
through spoil. These layers often form at the angle of repose, when coarse spoil is tipped over 
the spoil heap edge. A greater volume of water is passed through this established route, 
compared with water that is negotiating the narrower pore spaces in the fine matrix. 
In-depth research into the formation of preferential flow paths in mine spoil has yet to be carried 
out. Hypotheses have been brought forward based on the historical literature of structured soils 
(e.g. Buczko and Gerke, 2005; Buczko et al., 2001; Hartmann et al., 1998; Gerke and van 
Genuchten, 1993). Preferential flow path tests in soil are usually conducted by the use of an 
inert tracer dye (e.g. uranine) to map the movement of water. This type of experiment could be 
applied to mine spoil and qualifies as a subject for further investigation. 
When water infiltrating uniformly through a porous layer of spoil encounters a layer of low 
permeability, its flow is greatly impeded. This situation could occur along the contact surface 
between sandstone-dominated spoil, and mudstone-dominated spoil, for example. Often, the 
water will spread out laterally along the boundary, until a suitable imperfection (such as a 
coarse rock fragment, a root channel, or a crack) in the less permeable surface is encountered, 
and the water is able to infiltrate more readily at this point (Ritsema et al., 1993).  
The increased flow rate may continue to erode the spoil, particularly in the case of dispersive 
spoil, thus continually increasing its flow capacity. Speculatively, the authors suggest that in 
the less permeable, fine-grained mudstone or ‘matrix’, the spoil particles that border the 
channel sides of the preferential flow path are rapidly leached of salt by cation exchange, due 
to contact with a relatively high volume of water compared to the remainder of the spoil heap. 
The matrix will also contain large patches of spoil in between the preferential flow paths that 
have a low moisture content and may remain unreacted (Diodato and Parizek, 1987).  
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If the spoil has completed the rapid initial leaching phase, then subsequent flows of water along 
the preferential flow paths will generate a relatively low quantity of salt (PPK Environment 
and Infrastructure, 2002). The spoil particles along the preferential flow path will become 
chemically unreactive but may eventually break down due to processes of physical degradation 
(Simmons et al., 2015; Fityus et al., 2008). It has been speculated by the authors that 
preferential flow paths in clay-rich spoil are more likely to collapse if they are sodium-depleted, 
and no calcium has been delivered to stabilise the structure. This suggests that preferential flow 
paths in clay-rich spoils are relatively short-lived compared to those in coarser spoil types. 
These opinions have yet to be tested experimentally. To do so would require the collection of 
leachate that has been identified as having travelled through a preferential flow path. It is 
currently unknown how to fulfil this task, and the use of tracer dyes or isotopes has not yet 
been considered in detail. This is an important aspect of salt generation from spoil heaps, but 
one which has been sorely neglected due to the difficulties in experimental design and 
execution. 
 
1.2.3.2. Perched water tables 
The occurrence of perched water tables in spoil (Figure 1.5) provides a further complexity to 
the dissolution of salts. Perched water tables occur in the boundary zones between units which 
have disparate hydraulic conductivity (Hinds et al., 1999; Wu et al., 1999; Newcomb, 1959). 
This creates a discontinuity upon which water will build up to saturation and move laterally 
until it finds a new high hydraulic conductivity pathway (Wu et al., 1999).  
Rather than travelling vertically through the upper and middle zones of spoil, water particles 
become trapped or diverted laterally in perched water tables, resulting in a longer contact time 
between water and spoil particles, and the opportunity for less soluble minerals to dissolve. 
Periods of water entrapment also result in non-uniform recharge of the deeper groundwater 
table, which in turn affects the rate of salt seepage (Wu et al., 1999). 
The characterisation of a spoil heap is difficult and complex, due to the heterogeneous nature 
of spoil material, the physical properties arising from the manner in which it is dumped, and 
the climatic interaction of the spoil with water and oxygen from the environment. Furthermore, 
the salt load generated from the spoil depends on its degree of saturation, and whether those 
conditions are maintained over longer time periods, or constantly wetting and drying. 
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1.2.4. Assessing long-term salt release  
When spoil, particularly clay-rich spoil, is subjected to wet-dry cycles, hydrous minerals such 
as montmorillonite begin to dehydrate. During dry spells, this causes cracking and desiccation 
in the surface of rocks, often exposing unweathered material beneath (Figure 1.6). Potentially, 
water can move readily into the internal layers of the spoil. Dispersed clay particles present in 
the spoil are then able to move laterally, forming a tunnel, which may grow in size, merge with 
other tunnels, or collapse (Vacher et al., 2004; Crouch et al., 1986). This erosion and ongoing 
instability may generate a significant salt load until all of the soluble minerals are leached out. 
 
 
Figure 1.6. Physical weathering of clay-rich spoil through wetting and drying cycles 
To analyse this process, weathering cycles have been simulated in several laboratory studies 
(e.g. Park et al., 2013; Orndorff et al., 2010; Fityus et al., 2007; Evangelou et al., 1982).  
Hall and Berg (1983), for example, tested four weathering treatments on sodic mine spoil. The 
first method was ‘air-drying’, in which the spoil was placed into a square pan lined with plastic, 
and left undisturbed for 224 days indoors. The second method, ‘field capacity’, involved adding 
de-ionised water to the pan until field capacity was reached. The third method was ‘cropping’, 
in which western wheatgrass was grown in spoil samples that had been fertilised with nitrogen.  
Finally, the fourth method was ‘wet-dry’, where spoil samples were wetted to 120% field 
capacity, and then left undisturbed for 72 hours, allowing evaporation, but not drainage. They 
were then heated in a forced-air oven for 24 hours at 60°C, which lowered the water content 
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below the level of air-dryness. This four-day cycle was repeated 56 times over 224 days. Of 
the four methods, the ‘wet-dry’ cycle treatment was found to have the greatest effect in 
reducing the exchangeable sodium percentage and increasing the amount of soluble calcium in 
spoil.  
 
1.2.4.1. Column leach experiments 
Column leach experiments have also been used to test the release of salts from spoils (Table 
1.3). Conducted at a relatively small scale, columns have typically ranged from 5 to 10 cm 
internal diameter (e.g. Orndorff et al., 2010; Musslewhite et al., 2005; Weber et al., 1979) and 
varied in length from 6 cm (Park et al., 2013) to 200 cm (Elliot, 1986).  
The spoil may be allowed to dry to simulate unsaturated conditions in the upper or middle 
layers, or it may be kept saturated as it would be in the lower zone of a spoil heap. To prevent 
the formation of preferential flow paths, in laboratory experiments spoil is usually crushed to 
a particle size of 2 mm (e.g.; Agouridis et al., 2012; Orndorff et al., 2010; Musslewhite et al., 
2005; Halverson and Gentry, 1990), or in some cases, <90 μm (Fityus et al., 2007, 2008), to 
analyse total leachable salt content.  
Spoil is normally packed loosely with a bulk density between 1.26 g/cm3 (Elliott, 1987) and 
1.47 g/cm3 (Evangelou et al., 1982) to replicate the texture of spoil heaps, considering that bulk 
density is strongly dependent on the dumping method (Koosmen et al., 2015; Simmons and 
McManus 2004; Phelps et al., 1983). According to Phelps et al., (1983) spoil bulk density falls 
in the range of 1.31 to 2.16 g/cm3, implying that many column leach experiments are too 
loosely packed.  
Although an initial leaching of salts from spoil could be observed within a matter of minutes if 
the material is very coarse and has a high hydraulic conductivity, it is far more common for the 
experiment to run for at least four weeks (Fityus et al., 2008, 2007), if not several months 
(Orndorff et al., 2010; Evangelou et al., 1982), or even years (Agouridis et al., 2012; Struthers 
1964). As salt generation is a function of the amount of clay in the spoil, which increases upon 
physical degradation and weathering, column leach experiments with spoil samples of low 
hydraulic conductivity have been the focus of research to date. 
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Table 1.3. Selected references for changes in EC for spoil in leaching studies 
Parameters 
Studied 
Volume of 
Leaching 
Solution 
Length of 
Time 
Peak 
Leachate EC 
(mS/cm) 
End EC 
Leachate 
(mS/cm) 
Reference 
Fe, Al, Mn, SO42- 
Effect of rainwater 
pH 
2.54 cm/wk 50 weeks 10 3.5 Halverson and 
Gentry 1990 
HCO3-, Ca, Fe, Mn, 
SO42- 
2.5 cm, 2x/wk 
 
20 weeks 1.2–1.6 0.2 Parker, 2013 
Hydraulic 
Conductivity 
4.5 cm/5 weeks 
3 leaching 
cycles 
15 weeks 16.44 0.12 Evangelou et 
al., 1982 
Hydraulic  
Conductivity 
Total salt 
2.0 cm/hr for 10 
hrs 
1–2 L total 
4 weeks 9–12 0–1 Fityus et al., 
2008 
HCO3-, Ca, Fe, Mn, 
SO42- 
2.5 cm, 2x/wk 
 
22 weeks 1–3.5 <1 Orndorff et al., 
2010 
Major cations and 
anions 
550 mL 8 weeks 0.04–24 
 
0–1 Park et al., 
2013 
Total Salt Yield 
Ca, Mg, Fe, Al, Mn 
400 cm total 208 weeks - Salt yield 
decreased over 
time 
Struthers 1964 
Na, Ca, Mg, SO42- 
and SAR 
23.2 cm 4 weeks - 0.4–1.63 Musselwhite et 
al., 2005 
SAR, Irrigation 
Salinity 
64 cm 8 weeks - 1.7–6.5 Weber et al., 
1979 
Hydraulic 
Conductivity 
Na, SO42- 
22.4 cm 12 weeks 2.5–5.1 0.7–1.1 Elliott 1986 
% Salt Yield Over 
Time 
1-2 L total 4 weeks 9–12 0–1 Fityus et al., 
2007 
Ca+, K+, Mg2+, Na+, 
NH4+, NO3- 
SO42-, Cl- 
Natural 
114 cm/yr 
average 
104 weeks 0.160–0.185 0.8–1.2 Agouridis et 
al., 2012 
(N.B. Some original units have been converted using 1 dS/m = 1 mS/cm = 1 mmho/cm.) 
 
Many column leach experiments have observed a reduction in spoil salinity over time (e.g. 
Parker, 2013; Fityus et al., 2007, 2008; Elliott, 1987; Evangelou et al., 1982). Table 1.3 shows 
some of the experimental parameters and results for column leach studies. In most cases, the 
electrical conductivity (EC) of the leachate decreased to less than 1 mS/cm, which was regarded 
as a low, seemingly steady state.  
Two experiments, however, did not reach this level. Halverson and Gentry (1990) selected a 
spoil sample that was acidic (pH 3.84), while the others were predominantly alkaline. As noted 
by Musslewhite et al. (2005), the presence of sulfuric acid (H2SO4) from AMD improves calcite 
(Ca2+) dissolution, which may have increased the observed EC. Secondly, Weber et al. (1979) 
did not flush samples with de-ionised water or rainfall, but rather, saline irrigation water which 
contains a far greater number of dissolved ions. 
17 
Another observation from Table 1.3, is that there is no direct link between the length of time 
of the experiment, and the end EC of the leachate. The researchers of Fityus et al. (2008) ran 
their experiment for only 4 weeks, while those working for Orndorff et al. (2010) continued 
for 22 weeks, and yet the shape of the salinity decay curve remained the same. It is possible, 
therefore, that it is not time that has the strongest influence on the evolution of the salinity 
decay curve, but rather the number of weathering cycles that the spoil has undergone.   
The relationship between EC and leaching intensity was tested by Parker (2013). When a 
leaching event of a saturated spoil sample occurred daily, a low, quasi-steady state equilibrium 
was rapidly attained within five cycles. When a leaching event occurred fortnightly, the lowest 
point of EC still occurred after five cycles, however, from this point, the EC gradually began 
to rise. The decrease in EC appears to depend on the number of leaching events (or the total 
volume of passing water), rather than the time between each event. 
 
1.2.4.2. Medium-scale trials 
Medium-scale or “box” trials are similar to column leach experiments, except at a larger scale 
and intended as a mid-way step towards actual coal spoil heaps. While lysimeters and box trials 
are common as medium-scale tests for AMD predictions (e.g. Verburg et al., 2009), there have 
been few applications to spoil salinity (e.g. Kho and Williams, 2015; Daniels et al., 2014; 
Brown et al., 1984).  
Daniels et al. (2014) used sample sizes of approximately 210 kg and 1190 kg (based on an 
average bulk density of 1.4 g/cm3) to investigate the Harlan sandstone spoil from Virginia, 
USA. By conducting the experiment outdoors, the samples were exposed to natural conditions 
and rainfall over a period of at least 6 months, although the exact time period was not specified. 
Three scales of experiments were assessed as follows: (a) column leach experiments, which 
had a sample volume of 0.007 m3; (b) medium-sized, 200 L barrels which had a sample volume 
of about 0.15 m3; and (c) large-scale square boxes, aligned side-by-side, each with a sample 
volume of approximately 0.85 m3, which were referred to as “mesocosms”. 
Unlike column leach experiments, which usually generate a leachate within a matter of hours, 
it was not until after a storm event, 3 months after commencement, that the first samples of 
leachate were taken from the barrels and mesocosms. Presumably, that was the length of time 
that passed before the spoil fully reached field capacity, and preferential flow paths had begun 
to form. 
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Daniels et al. (2014) observed that the other major difference between the box trials and the 
column leach studies was that the EC in the leachate from both the barrels and mesocosms 
began to rise gradually at the end of the experiment. This result contrasted with the column 
leach experiments, which had leached to the point of obtaining a quasi-steady state equilibrium. 
Further analysis of the published data revealed important differences, other than size, between 
the box trials and the column leach experiments. The laboratory column leach experiments 
involved regular, bi-weekly doses of 2.5 cm (totalling 100 cm) of simulated rainfall for 20 
weeks. The barrels and mesocosms were subjected to natural rainfall over a period of 26 weeks, 
which amounted to total cumulative volume of 120 cm. However, while approximately 110 
mL of leachate was collected from the columns, only 50 to 70 mL was collected from the 
barrels and mesocosms. Potentially, differing flowpath regimes may have been operating 
between the two scales of experiment.  
Another factor to consider, is that the Harlan spoil contains a secondary carbonate rock cement, 
which makes up a maximum 2.5% of the rock mass (Parker, 2013). In the column leach 
experiments, these less soluble carbonate minerals (such as calcite, CaCO3), would have been 
dissolved and flushed out more rapidly than in the barrels and mesocosms. This would have 
been primarily because of the finer size, and greater surface area of the column particles. The 
lower pH of the simulated rainfall (pH 4.6, acid rain), compared to the more neutral natural 
rainfall (pH 5.5–8.0), would have assisted this process.  
Although comparisons between different experimental scales, such as the leaching results 
between Parker (2013), and Daniels et al. (2014), are beneficial, further studies are required to 
confirm whether the observed trends are experiment-specific or will continually reoccur. 
 
1.2.5. Deriving salinity decay curves 
While there have been several efforts to classify spoil properties (e.g. Park et al., 2013; 
Simmons and McManus, 2004; Raine and Loch, 2003), there has been no systematic research 
towards accurately predicting the rate of salt generation from spoil heaps. There have been 
many laboratory-scale column leach experiments, and a few medium-scale box trials on 
particular spoils, but as yet there have not been any thorough attempts to link spoil 
classifications (based on lithology and/or mineralogy) and the rate of salt generation. Similarly, 
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development of scaling relationships between small and medium experiments, and full-sized 
spoil heaps, have been tentative, at best. 
Column leach tests, which simulate the release of salt from spoil over time, or progressive 
leaching events, suggest there are four phases in a characteristic salinity decay curve. The 
absolute time scale of each phase depends on the experimental scale, and the frequency of 
leaching events, so time-scales are only presented in general, relative terms here.  
The first phase is an initial rise in EC, which has been observed to occur in unsaturated 
mudstone spoil by Orndorff et al. (2010), and Fityus et al. (2008). This initial peak represents 
the amount of accessible salts that can be readily flushed from the spoil (Figure 1.7). In clay-
rich spoil, this rise in EC can be attributed to rapid physical degradation, which increases the 
mobility of salts. The first phase may be absent in coarser spoil types, however if there is a low 
pH due to the occurrence of AMD processes, the rise could also be attributed to a rapid 
dissolution of carbonate cement (Daniels et al., 2014).  
 
Figure 1.7. The solubilities of various evaporite minerals found in spoil (Aqion, 2018) 
The second phase is rapid EC decay, also called the “first flush”, in which the readily accessible 
salts contained in the pore spaces of the spoil, enter the leachate (Park et al., 2013; Fityus et 
al., 2008). This process produces further quantities of epsomite and gypsum as secondary 
precipitate, which significantly increases the measured EC (Nordstrom et. al., 2015; Daniels et 
al., 2014; Musslewhite et. al. 2005). 
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The third phase is a more gradual decrease in EC, a transitional phase driven by inorganic 
mineral weathering reactions between water and spoil (Park et al., 2013). Speculatively, the 
mechanism suggested is cationic exchange with clays and any organic matter. The process of 
diffusion, which involves the movement of ions from an area of relatively high concentration 
(the spoil), to an area of lower concentration (the leachate), may also play a role. While it is 
likely that all of the soluble minerals from the second phase have now been released, mineral 
dissolution may still be taking place to a limited degree. 
Finally, in the fourth phase, an equilibrium state of leaching is reached, which is constrained 
by the rate of weathering. It is thought that this steady state condition may be slow to develop, 
depending on the diffusive salt gradient (Orndorff et al., 2010; Fityus et al., 2008). In reality, 
even when the fourth phase is reached, fluctuations will be observed due to variabilities that 
occur on sub-phase time scales, for example, seasonal climate variability. Therefore, rather 
than being at a ‘steady-state’, the long-term equilibrium condition is best described as ‘quasi-
steady-state’. 
The evaporation of salt seepage generally results in the deposition of evaporite minerals, such 
as halite, epsomite, gypsum, and calcite, which form a salt crust in the surficial environment. 
Similarly, the evaporation of AMD causes the deposition of metal-enriched hydrosulfates, e.g. 
melanterite, rozenite, halotrichite, and copiapite groups (Sahoo et. al., 2014). These efflorescent 
minerals are easily dissolved in a subsequent rainfall event and can then be transported as 
soluble ions away from their original source. 
The types of salt minerals that form depend on the pH of infiltrating water, as well as the 
specific ions that are available. For example, when Mg is in abundance, dolomite 
(CaMg(CO3)2) will precipitate preferentially over calcite (CaCO3), as dolomite has a lower 
solubility. Alunite group minerals, such as jarosite, will form preferentially in acidic conditions, 
when the pH is 4 or less. Commonly, these precipitates have a distinctive brown or ochre colour. 
Sulfate (SO42-) and chloride (Cl-) are the most abundant anions in salt crusts (Maya et. al., 
2015). 
1.2.6. Reducing salt generation 
Although mine spoil salt generation has been shown to decrease with cumulative leaching (e.g. 
Orndorff et al., 2010; Fityus et al., 2008; Struthers, 1964), the best preventative measure is to 
restrict water entry as much as possible. From a management perspective, many cover designs 
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have been developed to control acid mine drainage, where the prevention of spoil oxidation is 
important (O’Kane and Wels, 2003). However, in non-acid forming, salt-generating spoil, 
erosion and infiltration are crucial considerations.  
Left uncovered, spoil may be subject to sheet erosion (Carroll et al., 2000), which displaces the 
fine particles to the bottom of the heap, and/or gullying and tunnelling, which creates further 
instability issues (Vacher et al., 2004). Additionally, the rate of infiltration may be non-uniform 
through the spoil heap due to relic compacted surfaces and perched water bodies (Williams and 
Rohde, 2008; Simmons and McManus, 2004).  
 
1.2.7. Conclusions 
Around the world, there are different environmental standards with respect to coal mining, but 
the general trend is to try to return the land to a re-usable condition. However, there are many 
challenges to understanding salt seepage from spoil.  At the very least, these include: (a) the 
complex range of particle sizes; (b) the varying mineralogy of spoil; (c) structural complexities 
from different dumping methods; and (d) variations in climate and hydrology.  
In addition, comprehensive monitoring of salt leachates has been found to be impractical at full 
scale. There is a lack of field data for full-size spoil heaps, and no seepage information for 
various spoil heap configurations. Numerous small-scale spoil experiments have been carried 
out using column leach apparatus in the laboratory. On a medium scale, box trials left in natural 
weather conditions have provided a useful comparison. However, scaling issues have made it 
difficult to accurately apply this information to mine sites.  
Structural formations within the spoil heap, such as downward coarsening, changes in bulk 
density, and instability along angles of repose affect the hydraulic conductivity of the spoil and 
the rate of salt release. Little is known about the contribution of the unsaturated parts of spoil 
heaps to salt generation. Experimental evidence shows that most of the salt is leached from 
saturated zones and through preferential flow paths in unsaturated zones. However, more 
research is needed to establish the longevity of these pathways with respect to wet and dry 
cycles. 
In general, it has been affirmed that the release of salt from a spoil heap follows a decay curve 
that contains four phases: an initial rise in EC as the spoil approaches field capacity, a rapid 
decay due to the flushing of soluble salts, a gradual, transitional phase into inorganic mineral 
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weathering reactions, and finally, a quasi-steady, equilibrium state. However, the rate of salt 
release from spoil varies depending on whether it is matrix- or framework-dominated, the 
solubility of salts it contains, the frequency of the leaching events, and the pH and EC of the 
infiltrating water. A classification system that links these variables together will be an essential 
component for future investigations. 
The research directions derived from this review are: 1) the development of a suitable 
classification system for spoil materials, based on spoil heap configurations and climates across 
coal basins; 2) investigations into the rate of long-term salt generation for these spoil heap 
classes, and the time required to reach this quasi-steady condition; 3) an assessment of the 
qualitative scaling factors, derived in the laboratory, which allow the adjustment of the long-
term component of the decay curve for application to full-scale spoil heap classes; and 4) 
recommendations for: a) combining the research results with hydrological and geochemical 
models, to provide dynamic decay curves for specific spoil heaps, and b) to predict salt 
generation rates from various capping and rehabilitation practices. 
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CHAPTER 2: 
AIM AND OBJECTIVES 
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2.1. AIM 
Observations from the literature suggest that the rate of salt release and the shape of the 
salinity decay curve will vary for different spoil types.  
The aim of the research project, therefore, is “to investigate the change in salt concentration 
over time for seepages from spoil of different compositions.”  
 
2.2. OBJECTIVES 
The objectives of the proposed research project are: 
1. To use existing information to select spoil samples that represent a diverse range 
of geological and lithological properties that will form the basis of a spoil 
classification system; 
2. To characterise different types of spoil, based on physical and chemical properties, 
to establish patterns that will define groups for a classification system; 
3. To quantify salt release rates and understand the factors controlling them, by 
undertaking funnel leach experiments, with representatives from each spoil group; 
4. To investigate the variation in salt concentration caused by upscaling, in soil-like 
and rock-like spoil in meso-scale experiments; 
5. To investigate the impact of continuous large pores (leading to preferential flow 
paths) on leachate salt concentration. 
2.3. RESEARCH QUESTIONS  
The following research questions were examined: 
1. How does coal mine spoil lithology (mineralogy and texture) affect the generation of 
salt seepage over time? 
2. What is the difference in salt character and load between matrix flow and framework 
flow? 
3. To what extent does upscaling to in-situ spoil conditions affect the concentration of salt 
released over time? 
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2.4. HYPOTHESES 
The following hypotheses were developed to answer the above research questions: 
1. By correlating leaching results to specific minerals identified by XRD and petrography 
in the spoil, it will become clear which rock types influence salt generation; 
2. Spoil will generate a salt load depending on the particle surface area and/or the length 
of time that water is in contact with the particles; 
3. Where continuous large pores exist, they contribute predominantly to the generation of 
the salt load.  
 
Figure 2.1 shows hypothetical salinity curves for two different spoil compositions (A and B), 
which release salt at different rates. This figure will be further evaluated in the general 
discussion (Section 7.2). 
 
Figure 2.1. Hypothetical salinity decay curves 
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2.5. CONTRIBUTION TO KNOWLEDGE 
The research contributes originally in the field of knowledge in the following ways: 
1. The salt-generating capacity of spoil in terms of its mineralogy and lithology (i.e. which 
mine sites will have problems based on the character of their spoil); 
2. As assessment of the hazardous potential of different spoil types, which would aid in 
rehabilitation methodology; 
3. The conditions under which continuous large pores develop, and the concentration of 
salts in these drainage routes (i.e. which types of flow are highest in salinity); 
4. Accurate data for the salinity from spoil (Gss) parameter in final void salinity 
modelling. 
2.6. ORGANISATION OF THESIS 
The thesis is divided into eight chapters.  
Chapter 1 presents the problem statement and a broad overview of the relevant research 
presented in the literature to date. 
Chapter 2 (the current chapter) provides the aims and objectives of the project, as well as the 
critical research questions that will be addressed in the body of the thesis. 
Chapter 3 introduces the Bowen Basin coalfields as a study site with emphasis on the geological 
context of the mine waste rocks within the Late Permian coal measures. Maps and photographs 
are included, showing where the samples were collected from the Burton, Moorvale, and Oaky 
Creek mines. 
Chapter 4 details the characterisation of the spoil samples, including analysis by geotechnical, 
chemical, and microscopic techniques, to gain a better understanding of each spoil type and its 
properties. 
Chapter 5 discusses the methods and findings of two funnel leaching experiments, based on 
different particle sizes. These small-scale tests help to understand how the salinity of the spoil 
changes based on particle size, the amount of available surface area, and the leaching rate. 
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Chapter 6 details meso-scale leaching experiments used to simulate three different moisture 
regimes contained within a full-scale spoil heap. Investigations are made into upscaling and 
the impact of in-situ spoil conditions, such as continuous large pores. 
Chapter 7 presents a general discussion, and draws together research findings based on the 
spoil salinity classification system. Salinity decay curves are suggested, from observations of 
spoil degradation and salt release. 
Chapter 8 concludes the thesis, summarising the research outcomes and discussing them in 
terms of spoil heap management and mine closure planning. Suggestions are provided for 
possible future research projects. 
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CHAPTER 3:  
CASE STUDY  
BOWEN BASIN COAL 
MINES,  
CENTRAL QUEENSLAND, 
AUSTRALIA
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3.1 INTRODUCTION 
The aim of this chapter is to provide background information regarding the study site, the mine 
locations, and the prevailing climate conditions. It also details the quantities of spoil that were 
collected, what they looked like, and why they were chosen. Aerial photographs and site 
illustrations are provided to demonstrate the different methods of sample collection. 
Two of the major economic concentrations of coal in Queensland are mined from the lower 
Late Permian German Creek Formation, and the upper Late Permian Rangal Formation (Figure 
3.2). Three mines in the Bowen Basin (Burton, Moorvale and Oaky Creek, shown in Figure 
3.1) were selected for collecting a range of representative spoil samples from these two 
formations, as well as the overlying Tertiary and Quaternary spoils. Seepages from several sites 
at each mine were also identified and sampled, to help correlate small- and meso-scale 
experiments with full-sized spoil heaps.  
 
3.2. MINE LOCATIONS 
The Bowen Basin is a major coal producing region, located in Central Queensland, Australia. 
It covers an area of approximately 160,000km2, and stretches from the townships of 
Collinsville (20.5500° S, 147.8500° E) in the north, to Theodore (24.9452° S, 150.0765° E) in 
the south (Figure 3.1). The area produces high quality bituminous coking coal, as well as some 
thermal coal, all of which is used principally for export. The total coal resource, estimated in 
2002, was 34 billion tonnes. In the 2015–2016 year, 242.2 million tonnes of saleable coal was 
produced from 50 mining operations, most of which were open-cut mines (Queensland 
Government, 2017).  
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Figure 3.1. Location of Bowen Basin mine sites selected for sampling (modified from 
Powell Duffryn Technical Services Ltd, 1949) 
 
Three coal mines in the Bowen Basin coalfields agreed to supply waste rock material 
(referred to henceforth as “spoil”) for the research project. These mines were: Burton, 
Moorvale, Oaky Creek. The locations of these three mines are shown in Figure 3.1. 
 
3.3. GEOLOGY AND PHYSICAL ENVIRONMENT 
3.3.1. Geology 
The Permian deposits of the Bowen Basin in Central Queensland are extensive, and continue 
in the subsurface beneath younger Mesozoic sediments of the Surat Basin, which occupies the 
northern part of New South Wales. The Bowen Basin is geologically complex with multiple 
phases of subsidence and tectonics, resulting in coal measures that exhibit a wide range of coal 
ranks and sedimentary rock types (Esterle et al., 2002).  
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The spoil sampled from Burton and Moorvale coal mines occurs within the Rangal coal 
Measures, which are lower Late Permian in age. In contrast, spoil sampled from Oaky Creek 
has been mined from the older German Creek coal measures, which are upper Late Permian in 
age. Even in this relatively short period of geological time, significant changes in the mineral 
composition of the sedimentary rocks has occurred. 
 
 
Figure 3.2. Geological supermodel of the Bowen Basin coal measures 
(Esterle et al., 2002) 
 
After the German Creek (Group III) deposition phase (Table 3.1.), a marine transgression 
(shown in green in Figure 3.2.) resulted in the deposition of non-coal forming sediments, as 
well as major layers of volcanic ash (tuff). However, these conditions did not extend to the 
northern part of the Bowen Basin, thus coal-bearing sediments (shown in brown in Figure 3.2.) 
continued to accumulate, although the coal was of poorer quality (Fort Cooper CM). The 
Rangal Coal Measures, which were deposited in the final (Group IV) phase were diverse in 
quality, and deposited under a combination of fluviatile, lacustrine, and paludal conditions 
(Hutton 2009). 
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Table 3.1. Summary of depositional phases in the Bowen Basin coal measures 
 (based on Esterle et al. 2002). 
 
Group Group IV Coals Fort Cooper CM Group III Coals 
Equivalents Rangal CM Baralaba 
CM Bandanna Fm 
Burngrove CM Fair 
Hill Fm 
Moranbah CM 
German Creek CM 
Depositional 
conditions 
Deposited under 
fluviatile, lacustrine and 
paludal conditions. 
Volcanolithic 
formation conditions. 
Moranbah CM (fluvial 
flood plain) to German 
Creek CM (marine-
influenced deltaic).  
Type of coal Coking, PCI, and 
thermal coal with low 
reactives, and low 
sulfur.  
Non-economic due to 
tuffaceous 
interbedding and 
high ash content.  
High grade coking 
coals, low ash, and low 
sulfur.  
Type of spoil Spoil will be 
predominantly siltstone 
and shale, with some 
tuff. 
Mostly volcanic ash 
(tuff). 
Spoil will be 
dominated by 
quartzose sandstone. 
 
Economic 
Seams 
Leichhardt, Vermont - Goonyella, Dysart, 
Aquila, German Creek 
Mines Moura  
Blackwater 
Curragh 
Ensham 
Jellinbah East 
Yarrabee 
Foxleigh 
German Creek East 
Moorvale 
Coppabella 
South Walker 
Burton 
Hail Creek 
Newlands 
Not currently mined 
anywhere. May be 
present in 
overburden? 
Kestrel 
North Goonyella 
Riverside 
Underground  
Moranbah North  
Gregory 
Crinum 
Oaky Creek 
German Creek 
Norwich Park 
Saraji 
Peak Downs 
Lake Lindsay 
 
3.3.1.1. Environmental depositional conditions 
 
The German Creek coal measures were deposited in marine deltaic (saltwater) conditions, and 
as a result, are relatively high in sulfate minerals, such as pyrite (FeS2), compared to other 
Bowen Basin sediments. The Rangal Coal Measures, by contrast, were deposited in rivers, 
lakes, and marshes, under fresh to brackish conditions (Esterle et al., 2002). The Rangal coal 
measures, therefore, are characteristically low in sulfate minerals. 
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The amount of pyrite that can form in sediment under each depositional condition is dependent 
on three major factors (Berner, 1984):  
(1) the amount of organic matter; 
(2) the amount of reactive iron minerals; 
(3) the availability of dissolved sulfate. 
The mechanism for pyrite formation is relatively simple. Bacteria uses organic matter as a 
reducing agent to produce hydrogen sulfide (H2S), through the reduction of dissolved sulfate 
(SO42-) anions. The hydrogen sulfide then reacts with sedimentary detrital iron minerals under 
shallow burial conditions to form pyrite (Figure 3.3). 
 
Figure 3.3. Diagram of sedimentary pyrite formation (Berner, 1984) 
In marine deltaic sediments, such as German Creek, the controlling factor for the formation of 
pyrite is the amount of organic matter deposited within the sediment. Seawater is nutrient-rich, 
which equates to a high rate of organic matter production and sedimentation. This creates an 
abundance of material for bacteria to reduce at depth. Consequently, marine deltaic sediment 
contains high levels of H2S, and pyrite forms readily.  
  
34 
Conversely, freshwater sediments, such as the Rangal Coal Measures, have dissolved sulfate 
concentrations which are, on average, several hundred fold less than those found in seawater. 
Any available sulfate is rapidly consumed by bacteria at sediment depths of only a few 
centimetres, and as a consequence, very little pyrite forms (Berner 1984). 
The presence or absence of sulfate minerals in coal measure sediments has a strong influence 
on the electrical conductivity (EC) and pH (acidity/alkalinity) of its leachate, as discussed in 
the literature review (Appendix A).  
 
3.3.2. Climate 
 
 
Figure 3.4. (a) Mean annual rainfall statistics for Australia  
(modified from BoM, 2001) 
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Figure 3.4. (b) Mean annual rainfall statistics for the Bowen Basin (modified from 
BoM 2001) 
The Bowen Basin coalfields may be described as having both a sub-tropical and semi-arid 
climate. ‘Sub-tropical’ refers to the latitude in which the Bowen Basin is located (Section 
3.2), and the annual wet-summer, dry-winter rainfall pattern.  ‘Semi-arid’ refers to the fact 
that mean annual rainfall (approximately 600–800 mm/yr) does not exceed mean annual 
pan evaporation (1600–2000 mm/yr) (BoM 2003). 
Table 3.2 is a comparison of mean winter rainfall values to mean summer rainfall values, 
over a spread of three major towns in the Bowen Basin. In Collinsville, to the north of the 
region, the summer wet season produces a higher proportion of the annual rainfall, and 
therefore the winter is much drier. In Theodore to the south, there is less seasonal climate 
change. The summers are less wet, and the winters are comparatively less dry.  
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Table 3.2. Mean annual temperature and rainfall in the Bowen Basin (BoM, 2018)1  
 Mean 
Daily 
Temp. 
at 9 am 
Mean 
Annual 
Rainfall 
Mean 
Winter 
Rainfall 
(May–Oct) 
% Mean 
Summer 
Rainfall 
(Nov–April) 
% 
Collinsville 23.1 706.9 130.7 18.4 576.2 81.6 
Moranbah 21.7 614.2 144.4 23.5 469.8 76.5 
Emerald 21.7 640.3 181.3 28.3 459.0 71.6 
Moura 21.4 685.9 204.6 29.8 481.3 70.2 
Theodore 21.2 733.8 227.6 31.0 506.2 69.0 
1Data collected: Collinsville (1939–2018), Moranbah (1972–2012), Emerald (1882–1992), Moura (1924–
1996), Theodore (1924–1990) 
 
In this research project climate data will be compared to that of Moranbah (Figure 3.5), 
which is located centrally to all three mine sites. Although there are minor variations from 
mine to mine, the overall climate scheme for the Bowen Basin is relatively consistent, 
barring extreme precipitation events. It is expected that an increase in seepage generation 
will occur after heavy rainfall (e.g. >50 mm in a single event) (Figure 3.6). 
 
Figure 3.5. Mean monthly rainfall for Moranbah showing wet and dry seasons 
(BoM, 2018) 
37 
 
Figure 3.6. Frequency and intensity of rainfall events for Moranbah (BoM, 2018) 
 
3.4. FIELD OBSERVATIONS AND SAMPLING 
When sampling at each of the mine sites, care was taken to select spoil of different 
lithologies, as classified by Emmerton (2017) (Figure 3.7). Where possible, rocks that had 
been exposed to weathering processes (e.g. Figure 3.13) were avoided in favour of fresh 
spoil. In some cases, however, the spoil heaps had been stockpiled many years prior,  and 
accurate data regarding their age was unknown. For example, the “G8 low wall spoil” from 
Oaky Creek was a very aged heap which was estimated by mine staff to have been dumped 
over 30 years ago. 
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Figure 3.7. Coal mine spoil lithology classification (Emmerton, 2013) 
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3.4.1. Burton coal mine 
 
The Burton coal mine was first opened in 1996 with an estimated 164 million tonnes of 
high quality, low-ash coking coal reserves. Throughout its operational life, the Burton coal 
mine maintained a production level of between 3.5 and 5.7 million tonnes per year, before 
the mine was put into care and maintenance at the end of 2016. Mining was carried out 
using a terrace mining truck and shovel method of open pit coal mining (Mining Link, 
2015a). 
In 1998, the original Burton open pit was increased in size from 80 m to 110 m, before it 
was fully exhausted in 2005. Additional pits, Wallanbah and Broadmeadow, were also 
mined out by 2009. Two more pits, Plumtree South and Bullock Creek, were mined from 
2010 to 2016. The pits were progressively rehabilitated as mining work was completed  
(Mining Link, 2015a). 
Spoil samples were collected for the research project from two of the partially rehabilitated 
pits – the original Burton open pit, and the Broadmeadow (southern) pit  (Figures 3.8 and 
3.9). An excavator was used to dig into the spoil heaps to a depth of approximately 1  m to 
expose fresh, dry, unweathered spoil (Figure 3.10). It was collected using a bucket and 
shovel (Figure 3.11), then was sealed with a tight-fitting lid and loaded onto a pallet. Hand 
samples of selected coarser material, such as the ‘spine’ sandstone (Figure 3.12), oxidised 
rocks, and degraded sandstone were also taken. 
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Figure 3.8. Sample locations in Burton Broadmeadow coal mine (south) 
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Figure 3.9. Sample locations in Burton coal mine 
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Figure 3.10. The use of an excavator to expose fresh spoil 
 
 
Figure 3.11. Sampling using a bucket and shovel 
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Figure 3.12. Engineered drains using ‘spine’ sandstone 
 
 
Figure 3.13. Degradation of an exposed spoil boulder 
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Figure 3.14. Spoil samples collected from Burton coal mine 
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3.4.2. Moorvale coal mine 
 
The Moorvale coal mine was first opened in 2002, with an estimated 33 million tonnes of 
thermal, coking, and PCI (pulverised coal injection) coal reserves. The coal seam is quite 
narrow with a very steep dip, and it is also cut by several fault lines. This constitutes a 
technically difficult operation, yet on average the mine still produces about 4 million 
tonnes of run-of-mine coal annually. Mining is carried out using an open-cut method, with 
truck and shovel excavation (Mining Link, 2015b). 
As mining has progressed, the amount of overburden required to access the coal has 
increased considerably, resulting in large stockpiles of overburden material.  Current and 
future coal production will be predominantly through underground methods.   
Spoil samples collected from Moorvale included a variety of different lithologies, 
including some geologically young Quaternary spoil (Figure 3.15).  In addition, three 
large, fresh spoil stockpiles were arranged for filling 1000L Intermediate Bulk Containers 
(IBCs), which would be used in the mesocosm experiments. These samples were labelled 
RL170 (B7), RL138 (B8), and RL215 (B9). A picture of the working face from which the 
spoil was collected is shown in Figure 3.16. A backhoe excavator was used to carefully 
select spoil material that would fit inside the IBC, of a size no greater than approximately 
30 cm in the longest dimension (Figure 3.17).  
There were several seepage sites observed near Moorvale spoil heaps (Figure 3.18). Rill 
erosion was also common on spoil heaps (Figure 3.19). Spoil was collected using a bucket 
and shovel; the bucket was then sealed with a tight-fitting lid and loaded onto a pallet for 
truck transport.  
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Figure 3.15. Sample locations in Moorvale coal mine 
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Figure 3.16. Working face showing IBC sample locations 
 
 
 
Figure 3.17. Excavator filling an IBC with RL170 spoil (B8) 
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Figure 3.18. Spoil seepage with dried salt crust 
 
 
Figure 3.19. Spoil heaps showing rill erosion and salt crust 
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Figure 3.20. Spoil samples collected from Moorvale coal mine 
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3.4.3. Oaky Creek coal mine 
 
Mining at Oaky Creek coal mine began in 1982 as a large, open-cut dragline operation. 
Surface mining continued until 2006, although underground operations started as early as 
1990 (Mining Link, 2015c). The amount of spoil produced by the mine has diminished 
significantly now that that the active coal mining operations are fully underground. The 
spoil heaps from the open-cut mining have been fully or partially rehabilitated. As such, 
the sampled spoil heaps are generally greater than ten years of age.   
Spoil was collected using a bucket and shovel from many different localities around the 
old mine workings (Figure 3.21). Spoil from some of the original spoil heaps when the 
mine first opened was collected near the G8 low wall (Figure 3.22). One particularly 
problematic spoil was collected from the north end of the mine (C6). The low pH of the 
seepage and the struggling vegetation indicated that acid mine drainage (AMD) was 
occurring (Figure 3.23). Younger Tertiary spoil was collected near an old working face 
that displayed significant erosion. The soft, clay-rich spoil was yellow in colour and 
seemed to degrade readily (Figure 3.24). 
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Figure 3.21. Sample locations in Oaky Creek coal mine 
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Figure 3.22. High wall (left), spoil barrier (centre), and weathered spoil heap (right) 
 
 
Figure 3.23. Dead vegetation near acidic dispersive spoil 
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Figure 3.24. Heavily eroded Tertiary sediments 
 
 
Figure 3.25 Spoil samples collected from Oaky Creek coal mine 
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3.5. SITE WATER QUALITY DATA 
In addition to spoil sampling, water quality sampling was also undertaken at locations 
around the three mine sites where seepage was seen to be occurring (Figures 3.26 to 3.30). 
Water samples were collected in 1L acid-washed polyethylene containers, which were then 
refrigerated and transported back via aeroplane for immediate laboratory analysis. Table 
3.3 summarises the findings from the three mine sites, all of which were found to have 
elevated salinity concentrations, ranging from 5.40 mS/cm to 15.55 mS/cm. The pH, 
however, was quite neutral, and ranged from 7 to 8. 
 
Table 3.3. Water quality analysis from seepage points at Burton, Moorvale, and Oaky 
Creek mines 
Site Mine EC (mS/cm) pH 
Seepage #1 Burton 6.52 7.61 
Seepage #2 Burton 5.40 7.88 
PP23 Moorvale 11.58 7.44 
PP24 Moorvale 9.75 7.50 
Seepage Bridge Oaky Creek 15.55 7.51 
 
 
 
Figure 3.26. Seepage #1 (Burton coal mine) 
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Figure 3.27. Seepage #2 (Burton coal mine) 
 
 
Figure 3.28. Seepage PP23 (Moorvale coal mine) 
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Figure 3.29. Seepage PP24 (Moorvale coal mine) 
 
Figure 3.30. Seepage Bridge (Oaky Creek coal mine) 
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3.6. SUMMARY    
The Bowen Basin is a significant coal-producing region in Central Queensland, with thick, 
economic coal seams that are Permian in age. Spoil samples from the Burton and Moorvale 
coal mines occur within the younger Rangal Coal Measures, while those from Oaky Creek 
occurred within the older German Creek coal measures. 
The Bowen Basin coalfields may be described as having both a sub-tropical and semi-arid 
climate. It has an annual wet-summer, dry-winter rainfall pattern, and mean annual rainfall 
is lower than the mean annual pan evaporation. 
Both fresh and weathered spoil was sampled using a shovel to fill 20 L buckets, or with 
an excavator to fill 1000 L IBCs. Care was taken to select spoil of different lithologies, as 
classified by Emmerton (2017). Spoil types were chosen to represent a variety of rock-like 
and soil-like samples. 
Water quality sampling was undertaken at seepage locations at the base of several spoil 
heaps. This water was highly saline, and the EC ranged from 5.40 mS/cm at Burton to 
15.55 mS/cm at Oaky Creek. The pH was measured to be neutral, ranging from 7 to 8, at 
all sampling locations.  
  
58 
 
 
 
 
 
CHAPTER 4: 
SPOIL CHARACTERISATION 
AND CLASSIFICATION  
IN THE CONTEXT OF SALT 
RELEASE 
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4.1. INTRODUCTION 
The aim of chapter four is to devise a spoil salinity classification system based on samples 
collected from the Bowen Basin in Central Queensland. Research data would be specific to this 
region, where salinity issues have been identified. To provide value to mining companies, the 
classification system would need to be easy to use, and robust enough to cover many different 
types of spoil. An appropriate classification system could link existing geotechnical spoil 
classes, with additional factors such as lithology and mineralogy. In combination, these 
properties may provide an estimate of long-term salt generation from spoil. 
Smith et al., (1995) divided spoil into two geotechnical types: (a) “soil-like”, where coarse 
fragments are embedded within a finer matrix and infiltration is relatively uniform; and (b) 
“rock-like”, in which the point-to-point contacts between the coarse fragments allow visibly 
open void spaces, which water can easily travel through. This strategy formed the basis for the 
more refined method of textural classification developed by Simmons and McManus (2004), 
which they refer to as a “spoil structure control ranking”. Here, the spoil material is considered 
to consist of larger particles (framework), and finer particles (matrix). As shown in Figure 4.1, 
the spoil can then be designated a specific category, which is based on its particle size 
distribution. 
 
Figure 4.1. Spoil structure control ranking (based on: Simmons and McManus, 2004) 
The lithology of spoil refers to the physical characteristics of the rocks, such as those which 
can be identified in hand specimens, such as rock type and colour, as well as properties which 
require low magnification microscopy e.g. texture, grain size, sorting, and mineral 
composition. The mineral composition of the rocks determines the geochemistry of the leachate 
produced when the spoil undergoes a rainfall event.  
The specific research question addressed in this chapter is: 
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• How does coal mine spoil lithology (mineralogy and texture) affect the generation of 
salt seepage over time? 
A series of physical, geochemical, and mineralogical tests were undertaken to provide data for 
a spoil salinity classification system. An overview is provided in Table 4.1.  
Table 4.1. Summary of geochemical, physical, and mineralogical short-term spoil tests 
 
The objective of the spoil chemistry analysis was to determine the proportion (in mg/kg) of 
major and trace elements in a representative spoil sample. The element concentrations were 
then used to predict which minerals may be present. Major elements include: Si, Al, Ca, Mg, 
Na, K, Ti, Fe, Mn and P. Trace elements generally occur in low concentrations, e.g. ≤1 mg/kg 
in rocks, soils, or organic matter, or ≤1 mg/L in ground or surface water (He et al., 2005; Drever 
et al., 2003).  
 
The objective of the EC, pH, and leachate chemistry measurements in the context of the short-
term batch leaching experiment was to provide basic information about how the spoil would 
behave in the initial leaching cycle i.e. mimicking the ‘first flush’ of salts, or the readily 
available, water-soluble fraction of salt available within the spoil. Salts locked up in slow 
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weathering minerals (e.g. dolomite, feldspar, and muscovite) would not be released within this 
short time frame. In general, an alkaline pH would indicate a high carbonate content, while an 
acidic pH in spoil is usually due to the presence of sulfate ions.  
Cation exchange capacity (CEC) generally refers to an inherent property of soil that 
characterises its ability to hold exchangeable cations. A high CEC will imply that Na+ will 
be readily exchanged, and therefore the CEC of the spoil should have a good correlation with 
salinity of the leachate. Spoil usually contains negligible organic matter. Therefore, it is 
practical to attribute the CEC directly to the clay fraction of the spoil. Clay minerals are 
hydrous aluminium phyllosilicates which form flat, hexagonal sheet-like structures, and 
have negatively charged sites which may adsorb and hold positively charged ions 
(cations), such as Na+, K+, Ca2+, and Mg2+.    
Clay minerals common in spoil include: 
• Kaolinite: Al2Si2O5(OH)4 
• Illite: (K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]  
• Montmorillonite: (Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O 
• Mixed layer variations e.g. illite-montmorillonite 
Cations with a higher charge, such as Ca2+, tend to be more tightly held, and not 
exchanged, compared to those with a lower charge, such as Na+. In general, a large basal 
spacing between clay sheets creates a weak bond, and it is more likely that cation exchange 
will occur. Additionally, finer particles provide a greater amount of surface area, and a 
higher number of exchange sites. Of those listed above, montmorillonite and related mixed 
layer clays have the largest basal spacing and were expected to generate the highest CEC. 
Stable, less reactive kaolinite clays have the lowest CEC (Lewis and McConchie, 1994).   
Particle size distribution (PSD) tests provide a textural classification, such as ‘rock-like’ or 
‘soil-like’ to spoil. The objective was to assign an individual composition to the range of 
various particle sizes in each spoil sample. This helped in understanding both the infiltration 
rate of the water through the spoil, and its ability to hold or release salt.  
Hydraulic conductivity describes the ease with which water (or rainfall) can infiltrate through 
spoil particles. It is the ratio of the velocity of the water over the hydraulic gradient, which 
gives an indication of the permeability of the spoil. The defining equation, known as Darcy’s 
Law, is commonly used to describe the flow of groundwater in aquifers. 
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In-situ core samples of soil are commonly tested for saturated hydraulic conductivity using a 
constant head method. Applying the same methodology to spoil, the first objective of the 
hydraulic conductivity test was to observe whether or not there was a variation in the flow rate 
of water through spoil particles, when they were all crushed to a similar size. The second 
objective was to confirm whether or not the observed hydraulic conductivity had any 
correlation to EC. 
The purpose of the degradation test was to assess the potential release of salt from spoil, 
through the physical changes and chemical processes that cause the breakdown of spoil rocks 
when exposed to surface conditions. This may include the slaking and dispersion of clay 
particles to form fine sediments. Simmons et al. (2015, p. 15) differentiated geological 
weathering from degradation by stating that the latter is “mostly physical changes, which may 
or may not be similar to weathering processes, and which are sometimes rapid, and often 
dramatic”.  
X-ray diffraction (XRD) provided a non-destructive technique for characterising crystalline 
minerals contained within the spoil rocks. The geochemical variability of the spoil mineralogy 
controls the water quality of the leachate that drains through it. Information may be gained 
regarding the structures, phases, and preferred crystal orientations (texture) of minerals, as well 
as other structural parameters, such as average grain size, crystallinity, strain, and crystal 
defects (Kohli et al., 2015). 
 
To analyse the XRD spectra produced for any sample material, the peaks were carefully 
matched to standard data values. Many minerals will have characteristic peaks that aid in their 
identification. It is important to use elemental data (i.e. spoil chemistry) as a basis to identify 
potential minerals. 
The petrographical texture of a rock in thin section provided diagenetic history 
information, i.e. the physical and chemical changes that took place during the conversion from 
sediments to sedimentary rock. Properties such as grain size, sorting, sphericity, and roundness 
indicated the maturity of the spoil. Spoil rocks often contain angular or sub-angular grains, 
indicating they are very immature. If the spoil is not highly weathered, unstable minerals, such 
as olivine, pyroxene, micas and feldspars (which are lower in silica) may also be present.  
Immature sedimentary rocks had a higher potential to contain salt, which, under natural 
conditions, would be released gradually by chemical weathering or abrasion. The objective of 
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the petrographical analyses was to observe the various types of sedimentary  texture and 
mineral content, which could then be related to EC and spoil degradation rates.  
Scanning electron microscopy (SEM) provided a high magnification tool that could be used to 
identify clay minerals which were too small to be seen under an ordinary low magnification 
light microscope. In SEM, a focused beam of high-energy electrons is applied to the sample to 
generate a variety of signals at the surface of the solid specimen. Data was collected over a 
selected area of the sample surface and a two-dimensional image was generated that displayed 
spatial variations in properties including the morphology, texture, and orientation of minerals.  
When used in combination with energy-dispersive x-ray spectroscopy (EDS), the SEM 
microscope can also determine the chemical composition of the sample. The EDS detector 
separated the characteristic X-rays of different elements into an energy spectrum, and EDS 
system software was used to analyse the energy spectrum to determine the abundance of 
specific elements. 
 
4.2. METHOD 
4.2.1. Spoil chemistry 
 
Twenty-five fresh spoil samples were analysed for solid state chemistry by total acid digestion 
to determine the total amount of salt in the spoil. The samples were digested in concentrated 
HNO3 and HCl in a closed vessel using a Milestone Ethos-1 digester. The digest was analysed 
using a Varian Vista Pro Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP-
OES) instrument. 
4.2.2. Short-term batch leaching 
 
Spoil samples were crushed with a jaw crusher, and then sieved to obtain <2 mm particles. 
8.0 ± 0.05 g of spoil was weighed into a centrifuge tube. 40 mL of de-ionised water was added 
by glass pipette. De-ionised water was used in favour of process water or tap water to ascertain 
that the salinity was generated by the spoil and not the solvent. 
Once capped, the tube was briefly shaken to homogenise the sample. Tubes were placed into a 
plastic stand, before loading into an end-over-end shaker. The mixture was shaken for 2 hours 
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at a speed of 40 rpm. The sample was allowed to stand for 15 minutes, before measuring 
electrical conductivity (EC) and pH with a TPS LabCHEM-CP Benchtop Conductivity/TDS-
pH/MV-Temperature Meter. 
To avoid contamination, this process was repeated with fresh samples for leachate 
chemistry analysis. After shaking, the tubes were  placed into an Eppendorf Centrifuge 5810 
instrument and centrifuged for 15 minutes at a speed of 4000 rpm before filtering. The 
supernatant liquid was refrigerated and analysed using a Varian Vista Pro ICP-OES instrument 
for major and trace elements.  
The extractable chloride present was determined colorimetrically on centrifuged and filtered 
extracts using a SEAL AQ2+ colorimetric analyser and the mercuric thiocyanate / ferric nitrate 
colour reaction.  
4.2.3. Cation exchange capacity (CEC) 
 
For CEC analysis, the spoil samples were mixed with silver thiourea (AgTU+) for 24 hours. 
Following this, the exchangeable base concentrations were determined by analysing the 
centrifuged and filtered extracts using a Varian Vista Pro ICP-OES instrument. CEC was 
determined by measuring the amount of silver ions that were exchanged.  
 
4.2.4. Particle size distribution tests 
 
The particle size distribution (PSD) tests were split into two parts. For the coarse range above 
1 mm, a dry sieving method with a rotary shaker was used. Approximately 3 kg of spoil was 
removed from each sample bucket and weighed for an estimate of total mass. The largest rock 
fragments, above 31.5 mm, were then weighed and set aside. The remaining spoil was placed 
into the top of the 8-piece sieve set, which consisted of the following sizes: 31.5 mm, 26.5 mm, 
19 mm, 8 mm, 4.75 mm, 2.36 mm, 1.7 mm, and 1 mm. The sieve set was capped and placed 
into a mechanised rotary shaker for 10 minutes. Afterwards, the mass of rocks in each sieve 
was weighed, and calculated as a fraction of the total mass.  
Several samples (A3, A4, A11, A12, and C4) consisted only of coarse rock fragments, and 
were deemed too coarse for the PSD test. These were excluded and can be regarded as 100% 
gravel. The finest fraction of spoil <1 mm was analysed by mechanical dispersion. The results 
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from the fine fraction were added to the coarse dry sieving results to achieve a full spectrum of 
particle size fractions. 
The IBC samples, B8 and B9 were carefully analysed using image photography. The software 
used was Split-Desktop Size Analysis by Split Engineering. Particle sizes ranged from 250 mm 
to 0.16 mm. 
 
4.2.5. Hydraulic conductivity 
 
For the hydraulic conductivity test, approximately 170 g of <2 mm spoil was weighed into a 
metal core ring with a volume of 100 cm3. The bottom of the core ring was covered with a 
section of white soaking fabric and secured with a rubber band. The top of the core was covered 
with a plastic lid. The cores were left to soak overnight in a tray with approximately 3 cm depth 
of DI water (Figure 4.2a). Excess spoil that was created through swelling was carefully scraped 
off with a metal trowel.  
The cores were contained within two plastic filters which had black rubber seals. A tube was 
connected to the bottom of the core, which was then filled by a water storage vessel (Figure 
4.2b). The height of the water storage vessel was adjustable depending on the desired pressure 
head. A second tube was connected to the top of the core, which led to a leachate collection 
container. The pressure head was increased for fine spoil types, and decreased for coarse, 
rockier spoil types. The volume of water that passed through each core sample was measured 
after 30 minutes. 
 
Figure 4.2. Equipment set-up for hydraulic conductivity experiment. (a) Core samples 
soaked overnight; (b) water vessels adjusted for variable pressure heads 
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The area of the cylinder (A) was calculated from A = πr2L, where the height of the 
cylinder (L) was measured to be 40 mm, and the diameter (D) 570 mm (r = D/2, or 285 
mm).  
The saturated hydraulic conductivity (k), was calculated from: 
 
where Q is the volume of water collected, t is the period of time in which the water was 
collected (30 minutes, or 1800 seconds), and ∆H is the pressure head between the top of 
the collection vessel and the bottom of the water storage vessel.  
 
4.2.6. Degradation experiment 
 
In the degradation experiment, the largest rock particles of each spoil type were selected to fit 
practically inside a 1 L plastic container, which was lined with black soaking mesh. The total 
mass of the container was recorded initially. At the end of each monthly drying cycle, the spoil 
was photographed, and the mass of the largest fragment was weighed. 
At the beginning of each monthly cycle, de-ionised (DI) water was added to each container, to 
fully immerse the spoil. The container was sealed with a lid, and placed on a table. The spoil 
and DI water were allowed to react for a period of 48 hours. The water was then decanted into 
a bottle using a plastic funnel, causing minimal disturbance to the spoil. The container was set 
back upon the table without the lid. During the drying period, the spoil was kept outside under 
roof cover, but exposed to the atmosphere. The decanted leachate water was tested for pH and 
EC. The experiment ran for a series of 13 consecutive months.  
4.2.7. Mineralogy by XRD 
 
All twenty-five spoil samples were tested for qualitative bulk XRD by the student to gain a 
basic understanding of the minerals present in the spoil. The crushed spoil material was air-
dried, and then pulverised in a tool steel grinding head using a standard ring mill. The resulting 
powder was then prepared as an orientated powder mount of the total sample for XRD analysis 
using a Bruker D8 Advance MKII instrument. Copper radiation was set at 30 kV and 10 mA. 
Powder mounts were run over a range of 10 to 60°2θ, with a 0.02 degree step and a 2 second 
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per step count time. The search/match was carried out using Bruker Search/Match software 
and the ICDD PDF-2 database (2006). 
From this group, key samples were selected on the basis of salinity, for further quantitative 
XRD analyses. Eleven fresh samples and seven leached spoil samples were analysed by 
quantitative XRD by a professional laboratory (Sietronics Pty Ltd). The eleven samples in the 
fresh spoil set was comprised of material sampled directly from the 20 kg buckets. The leached 
spoil set was comprised of seven samples taken from the spoil degradation experiment after 13 
leaching cycles. The four spoil samples (A10, B3, B5, and C4) that had not visibly degraded 
in the degradation experiment were not sampled in the leached set.  
For the quantitative analyses, a Bruker-AXS D2 instrument was used, with copper radiation at 
30 kV and 10 mA. Powder mounts were run over a range of 4 to 80°2θ, with a 0.02 degree step 
and a 2 second per step count time. The search/match was carried out using Bruker 
Search/Match software and the ICDD PDF-2 database (2006). The quantitative phase analysis 
was performed using SIROQUANT™ version 4 software. 
There was limit of detection of 1-2% on crystalline phases in the XRD analyses, and an 
uncertainty of up to +/-10%. It was advised that there may be some ambiguity in the 
interpretation due to  multiple phases, where the overlap of diffracted reflections can occur. 
The quantitative XRD analysis was performed by a full-profile Rietveld method of refining the 
profile of the calculated XRD pattern against the profile of the measured XRD pattern. The 
total calculated pattern is the sum of the calculated patterns of the individual phases and results 
are given as % of the total. Results were normalized to 100% and do not include estimates of 
unidentified or amorphous materials.  
 
4.2.8. Petrography 
 
Eighteen spoil samples were made into thin sections to be analysed under a polarised light 
microscope. Weak or unconsolidated samples were impregnated with a low-viscosity epoxy 
resin that was introduced while the samples were under a vacuum. They were placed in a 
circular mould to set before cutting. Solid rock samples were cut directly. Staining techniques 
were not used. 
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A Leica DM6000M automated microscope was used to scan the entire thin section to produce 
high definition images with LAS V4.6 software. The images were studied in plane-polarised, 
cross-polarised, and reflected light for sphericity, support, roundness, cement, sorting, and 
general maturity.   
 
4.2.9. Scanning electron microscopy (SEM) 
 
Fine particles of spoil sieved to <65 mm were mounted on metal stubs with a carbon tab and 
prepared with an evaporative coating of carbon. The samples were observed by scanning 
electron microscopy (SEM) on a HITACHI SU3500 microscope with an accelerating voltage 
of 20 kV and a working distance of 10 mm. Energy-dispersive X-Ray spectroscopy (EDS) was 
performed with an Oxford Xmax Silicon Drift Detector (SDD) with a 50 mm2 area. For 
elemental micro-analysis, AZtecOne software was used to process the results. 
4.3. RESULTS 
4.3.1. Spoil chemistry 
The spoil chemistry results after total digestion reflected the mineralogy of each spoil sample. 
Calcium (Ca) was high in samples A3 and C4 (Figure 4.3), as was magnesium (Mg) (Figure 
4.4). These elements are likely to have formed carbonate minerals, e.g. dolomite, calcite, and 
aragonite. The proportion of silicon (Si), a prime component of silicate minerals (such as quartz 
and clays), was correspondingly lower when the sample was rich in Ca and Mg. 
Sulfur (S) was most common in samples from the German Creek Formation. The spoil sample 
with the highest concentration of Total S was C6. It is likely that this sulfur was mostly 
contained in the mineral pyrite (FeS2). Chloride (Cl) dominated in a few samples of weathered 
spoils (e.g. B2) , and those collected from spoil heaps which contained seepage (e.g. A10). The 
salt crust (A8) contained the highest amount of chloride, which probably formed an evaporate 
salt, such as halite (NaCl). 
In Figures 4.3 to 4.5, the box plots show 25/75 percentiles for each element. The interquartile 
range (IQR) is defined as the distance between the 1st quartile and the 3rd quartile. A data point 
was considered an outlier if it exceeded a distance of 1.5 times the IQR below the 1st quartile, 
or 1.5 times the IQR above the 3rd quartile.   
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Figure 4.3. Spoil chemistry for major elements, noting outliers  
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Figure 4.4. Spoil chemistry for additional major elements, noting outliers 
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Figure 4.5. Spoil chemistry for trace elements, noting outliers 
 
Lead (Pb) was an outlier for samples A5 and A7 from Burton, suggesting the sediments formed 
under similar conditions (Figure 4.5). The trace elements barium (Ba) and strontium (Sr) were 
found in unusually high concentrations in A3, B5, and C4, and had a strong correlation with 
the presence of Mg and Ca. Sr is known to be a good indicator of carbonates and can be used 
for tracking carbonate dissolution in leaching experiments. Spoil containing carbonate minerals 
(e.g. A3, B5, and C4) correlated with the largest weight % of the major salt-forming cations 
(Na+, Ca2+, Mg2+, and K+) (Figure 4.6).  
 
72 
 
Figure 4.6. Weight % of major salt cations (Na, Ca, Mg, K) for Bowen Basin spoil, as 
determined by total acid digestion and analysis by ICP-OES 
 
4.3.2. Short-term batch leaching 
There was a wide range of EC values for the 25 spoil samples in the short-term batch leaching 
test, which appeared to have no correlation to mine site or particle size (Figure 4.7). Seven 
samples had an EC of less than 250 µS/cm, which would be considered as low or negligible 
salinity. Seven samples had a moderate EC of 400 to1000 µS/cm. There were fourteen samples 
which had an EC of greater than 1000 µS/cm, and in particular, the highest salinities were 
detected in C6 (6690 µS/cm), B2 (7200 µS/cm), and A8 (20200 µS/cm). As a sediment and 
salt crust, A8 is representative of a “worst-case scenario” and is not a typical spoil. 
The majority of the samples were alkaline, and had pH ranging from 7 to10. Two samples from 
Oaky Creek, however, were strongly acidic and had a pH of 2 to 3 (C5 and C6). There appeared 
to be some correlation between pH and mine site. Moorvale leachate samples were the most 
alkaline, while Burton was generally neutral-alkaline. Oaky Creek was either slightly alkaline 
or acidic. 
The EC measured for salt released from <2 mm particles in the short-term batch leaching test 
(Figure 4.7) did not correlate to the weight percentage of major salt cations, analysed by total 
acid digestion (Figure 4.6). This indicated that, particularly for the high carbonate mineral 
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samples (A3, B5, and C4), much of the salt contained within the rocks was not readily 
accessible and would only be released upon long-term weathering. 
 
Figure 4.7. EC and pH for <2 mm spoil samples in a 1:5 spoil:water ratio  
The leachate chemistry from the short-term batch leaching experiment (Figure 4.8) had a good 
correlation with the EC results (Figure 4.7). The leachate of the highly saline sample, B2, 
contained a high concentration of Cl, whereas C6 was high in S. Cl and S were observed to be 
the major salt-forming anions for readily available salt. In general, the spoil samples had a 
concentration of either Cl or S, or less commonly, they had both. A8 and C4 both contained a 
relatively even mixture of Cl and S, whereas in B2 and C7, Cl salts predominated. 
Spoil that contained Cl as the major anion usually had a similar concentration of sodium (Na) 
as the major cation (A10, A12, B2, B3, B5, B6, and C7). Intrinsic halite (NaCl) (possibly from 
marine aerosols (Herczeg et al., 2001)) was the most likely salt present in the leachate of these 
spoil samples. However, not all of the Na or Cl was associated with NaCl (Figure 4.11). A 1:1 
plot of Na and Cl shows that for B2, there is an addition of Cl to the solution from other sources, 
possibly another readily soluble salt (e.g. CaCl2, MgCl2, or KCl).
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Figure 4.8. Leachate chemistry for <2 mm spoil samples in a 1:5 spoil:water ratio
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 Conversely, some samples contained a greater proportion of Na than Cl (e.g. A6, A8, B6, B9, 
and C4) (Figures 4.8 and 4.11). This excess Na could be from exchange sites on the surface of 
clay minerals. Alternatively, the soluble salt thenardite (Na2SO4) (pKsp 0.18) (Aqion, 2018) 
may be present, as S was also relatively high in these samples. The abundance of albite 
plagioclase in the samples may also indicate an alternative potential source of Na.  
 
Figure 4.9. Relationship between EC and Na leachate chemistry 
 
Figure 4.10. Relationship between EC and Cl leachate chemistry  
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Figure 4.11. Relationship between Na and Cl leachate chemistry 
When sulfur was the major anion, Ca and Mg tended to be the major cations (C5 and C6) 
(Figure 4.8). Sulfate salts, such as gypsum (CaSO₄·2H₂O) and epsomite (MgSO4·7H2O) 
formed from the dissolution of carbonate minerals may be responsible for generating EC in 
these samples. Potassium (K) was generally low and does not appear to have a strong influence 
on the EC of the spoil leachate. 
In the graph for the relationship between EC and S (Figure 4.12), samples C4, C6, and A8 all 
fall along a similar linear trendline, whereas samples A10, C7, and B2 do not, as each of these 
samples has a relatively low S concentration. The relationship between EC and Ca leachate 
chemistry in Figure 4.13 shows that both B2 and C6 each contain a similar concentration of 
Ca. The observation that B2 is relatively high in Ca, but low in S gives further weight to the 
suggestion that an alternative salt, such as CaCl2, may be generating EC. 
For the relationship between EC and the leachate chemistry of Mg (Figure 4.14), C6 sits far 
above the expected trendline compared to B2 and A8. It is likely that the acidity of C6 (pH 3) 
is causing the dissolution of Mg-containing minerals, such as dolomite and chlorite, which 
would not dissolve as readily at a neutral or alkaline pH.  
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Figure 4.12. Relationship between EC and S leachate chemistry  
 
Figure 4.13. Relationship between EC and Ca leachate chemistry  
78 
 
Figure 4.14. Relationship between EC and Mg leachate chemistry  
 
4.3.3. Cation exchange capacity (CEC) 
 
The contribution of Na towards the process of degradation can be evaluated from the measured 
cation exchange capacity (CEC). The results showed an abundance of exchangeable Na in more 
intensively weathered rocks (e.g. B2, B6, B9, C7), and samples from spoil heaps with seepage 
(e.g. A10). In combination, the amount of clay, the degree of weathering, and the proportion 
of Na minerals in the spoil all appeared to control the cation exchange process. 
A plot of EC against the total CEC (Figure 4.15) demonstrated that many samples fell into 
a linear trendline that had an offset in the horizontal axis. Spoil that produced a low EC 
leachate still contained some measure of CEC due to the presence of clay minerals (Parfitt 
et al., 1995; Helling et al., 1964). The lowest CEC values were recorded for very old, 
weathered spoil rocks (C2 and C3) which had been through many leaching cycles. 
Conversely, A8, which is a sample consisting of sediment and salt crust, very near to soil, 
may have contained a significant quantity of organic matter that would have greatly 
increased CEC. 
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Figure 4.15. Combined plots of Na-CEC, Ca-CEC, Mg-CEC, and total CEC against EC 
 
The acidity/alkalinity of the spoil leachate was an important consideration regarding CEC. 
At low pH, cations such as Ca2+, K+, Mg2+, and Na+ are replaced by H+ in the exchange 
process (Helling et al., 1964), which would have greatly increased the EC of the leachate. 
Both C5 (coal reject) and C6 (dispersive spoil) produced a leachate of pH 3, but C5 was 
much lower in clay. Both were outliers to the general trendline. A6 (Quaternary spoil) was 
also an outlier, as it produced a relatively low EC although it was high in total CEC. Spoil 
chemistry for A6 showed that Ca (1.76 Wt. %) was much higher than Na (0.35 Wt. %), 
which was likely to be a contributing factor. 
Individual plots for Na, Ca, and Mg-CEC against EC indicated that Na-CEC had the 
strongest influence on the total CEC. The relationship between Na-CEC and EC was linear 
without offset, therefore in general, EC was low when there were few Na minerals present 
(e.g. A3, A4). As before, C6 was an outlier, as it produced a high EC even though it was 
very low in Na, which was due to the dissolution of Ca- and Mg-containing minerals at 
low pH. 
The offset in the total CEC plot appeared to be caused predominantly by the Ca-CEC, 
which was generally above 5 cmol(+)/kg for all spoil samples, except C6. The Mg-CEC 
had greater variability; presumably due to the presence or absence of Mg-containing 
80 
minerals, which had a strong correlation with the spoil chemistry. Plotted in combination, 
it was possible to envisage the slope of each trendline, with the exchange of Na cations 
producing the highest EC, followed in order by Ca, Mg, and finally K (not shown).  
 
4.3.4. Particle size distribution tests 
 
The spoil samples demonstrated a wide variety of particle size distributions (Figure 4.16). A10, 
B5, B6, and B8 were the most rocky and coarse of the spoil samples (following A3, A4, A11, 
A12, and C4, which were not analysed). A6, A7, A8, B2, and C7 were comprised mostly of 
fine particle sizes; generally, less than fine gravel. The remaining samples (A2, B1, B3, B9, 
C2, C3, and C6) contained a mixture of fine and coarse fragments. This test helped to classify 
samples as either rock-like or soil-like. 
The results in Figure 4.16 represent the particle size distribution as a combination of two 
different experimental approaches. The fine fraction <2 mm was determined by mechanical 
dispersion, while >2 mm was analysed by dry sieving. The proportion of fine particles in the 
spoil was quite small, with values for most of the investigated substrates less than 30%, and 
for some substrates, as little as less than 5% (e.g. A10, B6, B8, and B9).  
In the transition zone at 2 mm between the two methods used to determine the PSD, it appeared 
that there was some uncertainty in the accuracy of the results. Above all for the substrates 
which contain only a small proportion of fines, the lack of the coarse sand fraction (0.063–2 
mm) for some substrates (e.g. B3, B5, and B6) may reflect issues in capturing this fraction 
when the fraction <2 mm was separated from the fraction >2 mm. This separation occurred 
under dry conditions and possibly, some of the coarse sand fraction remained in the fraction 
>2 mm. The error caused can be assumed to be small and the results from A8 (sedimentary and 
salt crust) confirm the validity of using this approach of combining different methods of PSD 
analysis.  
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Figure 4.16. Particle size distribution results for selected spoil samples 
 
4.3.5. Hydraulic conductivity 
 
The saturated hydraulic conductivity results ranged by a factor of 1000. The spoil samples with 
hydraulic conductivity greater than 0.001 cm/s were A2, A3, A6, A7, A12, B1, B4, B5, B6, 
B8, B9, C2, C3, and C4. In general, most of these were coarse, rocky spoil types. The spoil 
samples with moderate hydraulic conductivity from 0.001 cm/s to 0.0001 cm/s were A11, B3, 
and C5. The spoil samples with slow hydraulic conductivity under 0.0001 cm/s were A4, A8, 
A10, B2, B7, C6, and C7, which generally contained a high percentage of fine particles and 
were rich in clay. There appeared to be no correlation between the amount of swelling and the 
hydraulic conductivity of the spoil under these conditions. 
The hydraulic conductivity results were plotted against the short-term batch leaching EC 
measurements (Section 4.3.2) to investigate their relationship (Figure 4.17). In general, there 
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was an inverse trend – a low hydraulic conductivity corresponded to a high EC. However, this 
was not true in all cases. For example, A12 and C4 demonstrated both high salinity and high 
hydraulic conductivity. There was also very little correlation between hydraulic conductivity 
and mine site, although Moorvale results were more clustered compared to Burton and Oaky 
Creek. 
 
Figure 4.17. Relationship between hydraulic conductivity and EC for spoil samples 
It was concluded that hydraulic conductivity was not a reliable method to predict spoil salinity. 
 
4.3.6. Degradation experiment 
 
Over the 13 monthly wet-dry cycles of the spoil degradation experiment, the samples were 
observed to behave very differently (Figure 4.18). In general, the heaviest, densest, and largest 
rock fragments (A11, B4, and C4) were the least likely to change over time. Young, soft, and 
crumbly Tertiary and Quaternary spoil (e.g. B2, B9, C6, and C7) degraded quickly, generally 
losing cohesion within 1 or 2 cycles. Spoil samples containing a mixture of particle sizes 
degraded at a range of different rates. 
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Figure 4.18. Degradation of 24 spoil samples over 13 monthly wet-dry cycles 
 
Five spoil samples (B1, B2, B9, C6, and C7) were all observed to degrade quickly, rapidly 
releasing salt. All were young, soil-like spoil types, with small particle sizes. These types of 
spoil also demonstrated significant swelling when wet, and cracking when dry, which could 
easily be attributed to the presence of mixed-layer clays. The measured EC, which was initially 
very high, showed a rapid decay that corresponded with the rate of degradation (Figure 4.19). 
Four spoil samples (B6, B7, B8, and C5) demonstrated a rapid salt release that was not 
accompanied by immediate degradation. B6, B7, and B8 began degrading from cycle three 
onwards, as the rocks cracked and fragmented into smaller pieces. B8 showed distinct lines of 
weakness along internal bedding plane structures. As a coal reject, C5 behaved differently to 
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the three spoil samples from Moorvale. These coal fragments were brittle and light in 
comparison to the other spoil rocks. 
 
 
Figure 4.19. Change of leachate EC with degradation cycles 
 
Five of the spoil samples from Burton (A2, A4, A5, A6, and A7) gradually degraded over a 
number of wet and dry cycles, releasing a small to moderate amount of salt. In most cases, the 
rocks would crack after becoming wet, and then crumble into smaller pieces as they dried. The 
EC of degrading samples was episodic, which may have correlated with rock fragments 
breaking off and exposing new surfaces for salt release. 
Four spoil samples showed very little degradation but leached a moderate to large amount of 
salt over time (A10, A12, B3, and B5). These large rock fragments were generally hard and 
competent but were either mudstones or fine sandstones with a relatively small grain size. For 
these types of spoil rocks, there does not appear to be a correlation between degradation and 
salt release.  
Six of the spoil samples showed no significant degradation over the course of the experiment 
and had very low EC (A3, A11, B4, C2, C3, and C4). These strong, cohesive rocks did not 
release salt, despite in some cases, having a very high weight percentage of major salt forming 
cations (Figure 4.6). The reason for this locking up of salt minerals can likely be attributed to 
the type of cement binding the rock together, which will be discussed in Section 4.3.8.  
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Figure 4.20 Proportion of total salt released each cycle in the degradation experiment 
(first five cycles shown only) 
Figure 4.20 is a graph showing the percentage of total salt mass released per leaching cycle. 
Spoil samples that underwent rapid degradation (e.g. B1, B2, and B9) appeared to lose a 
relatively large proportion of salt in their first leaching cycle. Spoil samples that degraded 
episodically over time (e.g. A2, A4, and A7) released a moderate but variable amount of salt. 
Samples that showed no significant degradation (A11, B4, and C4) released only a very small 
proportion of their intrinsic salt mass each leaching cycle. 
Spoil degradation seemed to correlate with the hardness of the spoil, which was not specifically 
tested here. There is scope for further geotechnical testing to confirm this relationship. In 
general, soft, clay-rich, young sediments seemed to undergo rapid degradation which correlated 
to a high rate of salt release. Spoil that had a moderate hardness (i.e. could be broken with a 
hammer), degraded gradually but episodically over a series of wet-dry cycles. Very hard spoil 
types did not generally degrade, but most dissolved a small proportion of their intrinsic salt at 
a slow, relatively constant, or even slightly increasing rate over a long period of time.  
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The three basic spoil degradation behaviours have been summarised in Figure 4.21. 
(a) ‘Rapid’ degradation, accompanied by a large mass of salt release 
(b) ‘Episodic’ salt release that usually correlated with spoil degradation 
(c)  No significant degradation with ‘slow’ salt leaching over time 
 
 
Figure 4.21. Salinity decay curves for (a) rapid, (b) episodic, and (c) slow types of spoil 
degradation 
 
4.3.7. Mineralogy by XRD 
 
The spectra for the qualitative bulk XRD results are provided in Figure A,9 in the Appendix. 
Results revealed a typical mineralogical composition for sedimentary rocks, and the majority 
of peaks were sharp and well-defined as would be expected for a crystalline solid. The 
exception was the coal reject sample, C5, which contained considerable amorphous (organic) 
material. The minerals detected in each spoil type using bulk XRD have been summarised in 
Figure 4.22.  
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Quartz was present in every sample, as were clay minerals, such as kaolinite and illite. 
Anorthite, the Ca-rich end member of the plagioclase series, was the most common feldspar, 
followed by the Na end-member, albite. K-feldspar (orthoclase) was detected only in the 
unweathered sandstone spoil, C4. Similarly, olivine was generally present only in coarse, rocky 
spoil types (e.g. A10, B5, B8, and C4). 
A key differentiation between spoil samples was whether or not they contained carbonate 
minerals, particularly calcite or dolomite, either one, both, or not at all. In the bulk analyses, 
calcite was detected in A3, B3, B5, B8, and C5. Dolomite was detected in A3, B5, and C4. It 
was noted that spoil which contained calcite or dolomite tended to be rocky and competent. In 
comparison, the finer, crumbly, soil-like spoil (A6, A8, B2, C2, and C6) was comprised mostly 
of quartz and clays with fewer accessory minerals and trace elements, presumably due to the 
weathering process. 
The quantitative XRD analyses of fresh spoil are shown as pie charts in Figure 4.23. The 
majority of peaks were sharp and well-defined. Clay phases were tentatively identified. It was 
recommended that the clay fraction be separated to conducting clay treatments to confirm the 
species of clay present in each sample. Amorphous (non-crystalline) phases cannot detected by 
XRD and have been excluded as part of this analysis. The quantitative results have been 
normalised. Further investigation of the amorphous components by an alternative technique is 
recommended. 
The analyses confirmed that all samples contained quartz, ranging from 25% to 65%. Kaolinite 
was also present in all samples, from 4% to 29%. Calcite was identified in all but two samples 
and ranged between 1 and 20%. It was observed that the calcite and dolomite phases in some 
of the samples both exhibited peak shifts indicative of a solid solution of the elements in the 
crystal matrix. In general, the proportions of these three minerals did not have any correlation 
with the rate of spoil degradation. 
However, B5 and C4 both contained significant dolomite (27% and 36% respectively) and 
showed few signs of degradation. Dolomite is a replacement mineral which forms in veins or 
as a cement (Sibley 1982) and seems to help consolidate spoil. Dolomite (pKsp = 17.09) is 
much less soluble than calcite (pKsp = 8.48) and must go through several steps of dissolution 
and re-precipitation as it is modified into more stable forms (Aqion, 2018, Pettijohn, 1957). 
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Figure 4.22. Summary of minerals detected in spoil using qualitative (bulk) XRD 
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Figure 4.23. Pie charts of mineralogy for 11 fresh spoil samples 
 
The leached samples that showed degradation were re-tested by quantitative XRD (Figure 
4.24). As the limit of detection for the quantitative XRD results is 1-2%, it is likely that the 
amount of readily dissolved halite salt in the leached samples fell below this. Less soluble 
calcite was observed to be severely depleted in the leached samples. In B8, for example, which 
underwent significant degradation, the amount of calcite had decreased from 20% to 0%. 
Chlorite was another mineral that was significantly dissolved or altered in the leaching process, 
particularly in C6. 
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Figure 4.24. Pie charts of mineralogy for 7 leached spoil samples 
In general, the amount of clay (kaolinite and illite) contained in the leached samples was higher 
than in the fresh samples. This increase was consistent with a higher rate of degradation. For 
example, the fresh B2 spoil contained 5% illite and 25% kaolinite, equating to a composition 
of 30% clay. The leached B2 sample, by comparison, contained 9% illite, and 37% kaolinite, 
equating to a composition of 46% clay. Therefore, this data confirmed that spoil degradation 
causes the formation of secondary clay minerals, particularly kaolinite. Fieldes and Swindale 
(1954b) regarded kaolinite as the most stable secondary clay mineral.  
The amount of feldspar (albite, anorthite, and orthoclase) did not significantly change during 
leaching, with the exception of C6. In acidic spoil, the low pH environment is likely to cause 
low solubility silicate minerals such as feldspar to dissolve much more rapidly (Paktunc, 1999; 
Brantley and Stillings, 1996; Ullman et al., 1996). All of the feldspar, chlorite, and dolomite 
present in the fresh C6 sample were absent in the leached C6 sample. A significant amount of 
the secondary sulfate mineral jarosite (2%) had been formed. 
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4.3.8. Petrography 
The average mineralogical composition of the rocks was typical of sedimentary rocks with 
volcanic and non-volcanic clastic particles, including quartz, feldspars, which were mainly 
plagioclase (albite) with some orthoclase, and mica. The rocks also contained a range of 
authigenic minerals including calcite, dolomite, pyrite, siderite, ankerite, chlorite and opaque 
minerals (e.g. B8, Figure 4.25).  
Different grain sizes in the various spoil samples were distinguished under cross-polarised light 
(Figure 4.26). A2 and B2 had relatively coarse grain sizes. A number of sandstones had 
somewhat rounded, cohesive grains (B3, C2, C3, C4, and C6). B8 and B9 contained a variety 
of grain sizes, including lithic fragments. The remaining nine samples were all fine-grained.  
Table 4.2 provides a summary for the analyses of seven selected thin sections. A10, B2, B6, 
B9, and C6 were noted to have a clay cement or matrix, while B8 had a mixture of clay and 
calcite cement. The matrix in C4 may be dolomite or even microcrystalline quartz, which 
would explain its apparent strength. Grains were generally angular to sub-rounded in all 
samples. The sorting of grains was noted as being generally good or well sorted. 
 
 
Figure 4.25. Authigenic calcite and altered feldspar visible in sample B8 
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Figure 4.26. Overview of 18 spoil samples in cross-polarised light (50x magnification) 
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Table 4.2. Thin section analysis of selected spoil samples  
(performed by Maurice E. Tucker, 2019) 
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Lamellar structures seen in B7 (Figure 4.26) may have created planes of weakness which 
hastened degradation. Sorting is also likely to have a connection to degradation rates. For 
example, B2 degraded rapidly and was less well sorted than B3. However, their mineral 
composition was nearly identical (Figure 4.23). The spoil rocks with ‘slow’ degradation were 
commonly coarse (e.g. C2, C3, and C4 in Figure 4.26), with the exception of C6, which was 
also a sandstone, but degraded rapidly due to acidity caused by pyrite oxidation.  
Some Permian samples, particularly those from German Creek Formation at Oaky Creek, 
contained variable amounts of pyrite (e.g. C3) (Figure 4.27). Samples from the Rangal Coal 
Measures, particularly those from Burton, contained occasional pyrite, including framboidal 
pyrite (e.g. A2 and A7). The neutral to alkaline pH of most spoil samples suggested that the 
pyrite content in most Bowen Basin spoil was relatively low. 
 
 
Figure 4.27. Pyrite minerals in spoil samples C3, A2, and A7 under reflected light 
 
Based on the microscope analyses, the spoil samples were broadly categorised into the 
following three groups:   
1. Medium- to coarse- grained sandstones with a grain-supported texture (e.g. B3, C2, C3, 
C4, and C6). The original feldspars including typical cleavages were clearly visible. The 
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German Creek sandstones (collected at Oaky Creek) have a more intact granular texture 
(e.g. C4). 
2. Fine- to medium- grained sandstones with abundant authigenic minerals (e.g. A2, A4, A8, 
B2, B8, and B9). They typically contained carbonates as replacement of feldspars and in 
between sedimentary grains. Calcite was the most common carbonate mineral. It replaced 
almost all types of detrital components, especially feldspars (e.g. B8). Less commonly, 
calcite was observed as a pore filling cement. Muscovite and chlorite were often present as 
well.  
3. Mudrocks consisting of siltstone and mudstone (e.g. A10, A12, B1, B5, B6, and B7). This 
type of spoil had a fine texture and occasionally showed lamellar or original sedimentary 
layering (e.g. B7). 
 
4.3.9. Scanning electron microscopy (SEM) 
 
In general, there was a very good correlation between the SEM/EDS and XRD results (Section 
4.3.7), which served to confirm the mineralogy of the samples. All of the SEM analyses were 
performed on fresh spoil samples that had not been leached. 
The predominant elements detected by SEM were Si, O, and Al, which form the basis of the 
common minerals quartz, feldspar, and clays (particularly kaolinite). Fe and K were also found 
in most samples. Ca, which may have formed either calcite or dolomite, was detected in A3, 
A4, A6, B3, B8, and C4. Only A8 and C6 showed elevated levels of S. Figure 4.28 provides 
some sample SEM/EDS data at 10,000x magnification, with descriptive comments for each 
sample listed below. 
Spectrum 162 from spoil sample A6 indicated that the blocky crystal was rich in titanium. Its 
mineral form was most likely rutile (TiO2).  
Based on the morphology, Spectrum 149 from spoil sample A8 has likely been taken from a 
columnar crystal of gypsum (CaSO4·2H2O). The EDS results suggest that it could be 
surrounded by crystals of sylvite (KCl), halite (NaCl), pyrite (FeS2), or even epsomite 
(MgSO4·7H2O).  
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Figure 4.28. SEM micrographs of spoil samples A6, A8, A12, and C6 (left); elemental 
micro-analysis (EDS) for selected crystals (right) 
97 
The bright crystal in Spectrum 170 from sample A12 was likely to be barite (BaSO4) with a 
tabular crystal habit, which was lying on top of some unusual tungsten and strontium minerals, 
possibly ferberite (FeWO4), or celestine (SrSO4).  
 In Spectrum 73 from sample C6, the cubic crystal habit of the bright mineral matches that of 
pyrite (FeS2). This identification was  affirmed by the EDS results. The result is also 
corroborated by the XRD results for C6 in Figure 4.24, which indicate that the leached spoil 
contains 2% jarosite (KFe3+3(OH)6(SO4)2), which is formed by the oxidation of iron sulfides, 
particularly pyrite. 
 
4.4. SUMMARY 
The aim of chapter 4 was to devise a spoil salinity classification system based on samples 
collected from the Burton, Moorvale, and Okay Creek mines, located in the Bowen Basin in 
Central Queensland. The following classification system links existing geotechnical spoil 
classes, such as ‘soil-like’ and ‘rock-like’ with additional factors such as lithology and 
mineralogy. This classification system could potentially provide estimates of long-term salt 
generation rates from different types of spoil. 
The results of this chapter show that spoil degradation behaviour (and by implication the rate 
and amount of salt release) depend on the following factors:   
• Modal percentage of original sedimentary minerals (e.g. quartz, feldspar) and the 
abundance of the authigenic minerals formed after deposition (e.g. carbonates); 
• Grain size (sandstone, siltstone, mudstone); 
• Degree of weathering (geological weathering not degradation); and 
• Fragment (particle) size, and clay size as well as clay mineral type and content. 
By combining the observations of the degradation behaviour with textural classifications, as 
well as the characterisation results for mineralogy, geochemistry, and short-term batch 
leaching, it was then possible to broadly group the spoils into the following seven classes based 
on their response to salt generation.  
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Table 4.3. Spoil salinity classification system 
Group 1: Rock-like, competent Permian sandstones with intact initial rock fabric. This type 
of spoil showed limited signs of any degradation and salt release. Examples were A11, B4, 
and C4. This type of spoil has the potential to produce salinity in the long term (i.e. over 
geological time). For example, C4 released salt when it was crushed and exposed to wetting 
and drying cycles.  
Group 2: Rock-like, relatively fresh Permian sandstones (± siltstone) with authigenic 
minerals, particularly carbonate minerals and muscovite. This group contributed to salinity 
depending on the degree of geological weathering and alteration (mineral replacement). 
Examples were A2, A3, A7, A10, A12, B8, C2, and C3.      
Group 3: Soil-like, weathered Permian sandstones (± siltstone). B9 was a good example of 
this group, which produced salt rapidly.  
Group 4: Soil-like, weathered Tertiary and Quaternary spoil. Examples were A6, B2, and 
C7. They produced a significant amount of salt.   
Group 5: Coal rejects produced salinity (mainly sulfate) depending on the pyrite content. 
C5 was the only example tested here.  
Group 6: Soil-like or rock-like Permian fine-grained mudrocks (e.g. Rangal Coal 
Measures), which were often weathered, and degraded to produce salt. Examples were A4, 
A5, B1, B3, B5, B6, and B7.   
Group 7: High sulfur, Lower Permian spoil types with the potential to produce acidic 
leachate (AMD). These dispersive sandstones contain significant pyrite, abundant inert 
minerals, and have a low neutralising capacity. C6 is an example.  
To summarise, all rocks contain an inherent amount of intrinsic salt (e.g. halite and gypsum) 
that is determined by the environmental conditions at the time of deposition. The salinity 
chemistry of the spoil leachate is partially controlled by the balance between the acid produced 
by the oxidation of sulfur (e.g. from pyrite) and the neutralisation capacity of the carbonate 
minerals (such as calcite and dolomite). Degradation is mainly controlled by the type of clay 
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minerals and the residence time of the water. Saturated moisture conditions increase the rate of 
spoil degradation. 
The amount and rate of degradation affects the particle sizes in the spoil and the production of 
secondary clay minerals. Through degradation and increasing clay content, the permeability 
and hydraulic conductivity of the spoil decreases over time. If the rock is competent and does 
not degrade, the fresh surfaces of the rock particles will eventually become leached of their 
salt, but the inner fabric will remain intact. Conversely, if the rock continually breaks down to 
expose fresh surfaces, the release of salt will be ongoing until all the rock’s inherent salt is 
depleted.  
The rate at which the intrinsic salt is released by the spoil (EC) is controlled predominately by 
the contact time between the water and the spoil, as well as the spoil to water ratio. These 
factors will be discussed further in Chapter 7. Figure 4.29 illustrates four examples of different 
salinity chemistry, from the spoil salinity classification Groups 1, 2, 4, and 7. These examples 
show some of the different balances between acidity (S), alkalinity (carbonate minerals), and 
intrinsic salt (Cl). 
 
Figure 4.29. Characteristic chemistry of leachate from different spoil types 
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CHAPTER 5: 
SALT RELEASE RATES: 
SMALL-SCALE 
LABORATORY LEACHING 
EXPERIMENTS 
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5.1. INTRODUCTION 
The aim of chapter 5 is to produce quantitative data for the rate of leaching and associated salt 
release for each of the spoil salinity classification groups identified in the previous chapter. The 
data will be used to test the following hypothesis: 
“Spoil will generate a salt load depending on the particle surface area and/or the length of time 
that water is in contact with the particles.” 
The data will also allow investigation of scaling relations between small-scale experiments and 
full-scale spoil heaps, which will be later addressed in chapter 7.  
Previous work has focused on column leach experiments to test the release of salt from spoil 
(e.g. Musslewhite et al., 2005; Elliot, 1987; Weber et al., 1979). Many of these column leach 
experiments observed a reduction in spoil salinity over time. Weathering cycles have also been 
simulated in several laboratory studies (e.g. Park et al., 2013; Orndorff et al., 2010; Fityus et 
al., 2007; Evangelou et al., 1982).  
It has been noted that when spoil, particularly clay-rich spoil, is subjected to weathering cycles, 
hydrous minerals such as montmorillonite begin to dehydrate (Simmons et al., 2015; Williams 
et al., 2011). During dry spells, spoil often displays cracking and desiccation in the surface of 
rocks, which exposes unweathered material beneath. However, column leach experiments, 
even under unsaturated conditions, do not allow the spoil to fully dry. Clay-rich spoil samples 
of low hydraulic conductivity have been the focus of research to date. Salt release from coarse, 
rocky spoil types has yet to be rigorously studied. 
Open funnels provide a way to study salt generation, when the contact time between the water 
and spoil is relatively brief. This creates a better representation of the evaporative zone of spoil 
than a permanently wet spoil in a column test.  The experiments were designed to simulate the 
weathering of the evaporation zone of saline spoil by leaching events, composed of infiltrating 
water and subsequent drying as a series of ‘wet-dry’ cycles.  
The first experiment involved mixed particle size spoil (<1 cm). It was a series of preliminary 
tests to provide basic geochemical information that would be useful for upscaling, and to 
confirm the seven groups in the spoil salinity classification system. One sample from each spoil 
salinity classification group was selected, excluding the coal reject group. The number of 
representative spoil samples was reduced from 25 (in the spoil classification) to 11.  
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The second experiment involved controlled particle sizes aiming to better understand and 
quantify the role of spoil particle size on salt release, through adsorption/desorption and 
dissolution processes. The number of representative samples was again reduced, from 11 to 5, 
to allow for the addition of different particle size fractions and have a manageable number of 
funnels. The role of pore space in the advection and dispersion (diffusion) of salt for different 
size fractions was also investigated. It was expected that particle size would affect the duration 
of time that the sample was in contact with water. The samples with coarse particles were 
expected to contain larger volumes of connected pores and would drain faster. This was an 
indirect assessment of the effect of preferential flow paths discussed in later chapters. Based 
on Nickmann (1996), it was expected that materials of coarse grain size and large pore volumes 
(e.g. sandstone) would be more durable than fine-grained materials. In the latter case, additional 
pore water pressure was observed to result in spontaneous decay of the rock. 
 
5.2. METHOD 
5.2.1. Mixed particle sizes 
 
Spoil in an enclosed column does not dry adequately, nor does it undergo weathering as rapidly 
as it would in an open system, which allows free air flow and evaporation. The controlled 
variables included the amount of spoil material used, the volume and rate of water added per 
cycle, and the drying time between each leaching event. The water infiltration rate and the 
moisture content could also be controlled to some extent by the volume and rate of water added. 
Environmental conditions, such as air humidity, temperature, and wind were controlled by 
performing this experiment in the laboratory. 
Eleven spoil samples were selected for analysis in the mixed particle size funnel experiment, 
which represented (a) all three mine sites; (b) a mixture of rock-like and soil-like textures; and 
(c) displayed high salinity in the short-term leaching test. Coal reject (C5), the sediment and 
salt crust (A8), and low salinity spoil types were excluded in the funnel leaching experiment 
as these were not typical spoil samples. Table 5.1 summarises the selection of samples with 
respect to the spoil salinity classification system. 
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Table 5.1. Application of the spoil salinity classification system for sample selection 
Group Description Selected Sample(s) 
1 Rock-like, competent Permian sandstones with intact initial 
rock fabric. 
C4 
2 Rock-like, relatively fresh Permian sandstones (± siltstone) 
with authigenic minerals particularly carbonates and white 
mica. 
A10, A12 
3 Soil-like, weathered Permian sandstones (± siltstone). B9 
4 Soil-like, weathered Tertiary and Quaternary spoil. B2 
5 Coal reject. Not tested 
6 Soil-like or rock-like Permian fine-grained mudrocks. B3, B5, B6, B7, B8 
7 High sulfur, Lower Permian spoil type with the potential to 
produce acidic leachate (AMD). 
C6 
 
Polypropylene, 2-part Büchner funnels with a 130 mm diameter and 60 mm height were 
thoroughly washed with Liquinox detergent and soaked in a weak nitric acid bath overnight. 
After drying, they were lined with Whatman™ 1001-125 Grade 1 qualitative filter paper. The 
filter paper had a diameter of 12.5 cm, and a pore size of 11 µm. The purpose of the filter paper 
was to avoid losing fine particles during the leaching process. 
The spoil was roughly crushed in a jaw crusher to obtain mixed spoil with a top size of 
approximately 1 to 2 cm. Based on Park et al., (2013), spoil was carefully added to each funnel 
to fill to a thickness of 30 mm (approximately 350 cubic centimetres). Each funnel was leached 
individually, due to the high hydraulic conductivity of the spoil. Initially, 350 mL of de-ionised 
(DI) water was carefully added, causing minimal disturbance to the spoil.  
As the leachate began to drain out of the bottom of the funnel, it was collected in 50 mL aliquots 
using glass beakers. The time for each aliquot to fill was observed. Before the water had 
completely drained through the spoil, another 250 mL of DI water was added. The total leached 
volume of water ranged between 4 and 6 pore volumes, which was equivalent to half the annual 
rainfall (576 mm) in the Bowen Basin (Park et al., 2013). 
Also following Park et al., (2013), ten successive 50 mL aliquots were collected, totalling 500 
mL of spoil leachate, and excess leachate was discarded. (In hindsight, to investigate the total 
leachate load, it would have been interesting to collect all of the leachate volume; nevertheless, 
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the analysed aliquots were sufficient to analyse trends.) When the leaching cycle was complete, 
the aliquots were transferred to screw-cap 50 mL polyethylene sample bottles. The first five 
leachate aliquots were kept refrigerated and analysed for pH and EC within three days. The 
remaining five aliquots were discarded. 
The second, third, fourth, and fifth aliquots (total 200 mL) were selected and combined together 
to represent the sample for major cations and anions analysis by ICP-OES. The aliquots were 
transferred from glass beakers to centrifuge tubes. On an Eppendorf Centrifuge 5810 
instrument, they were centrifuged at 4000 RPM for 15 minutes to separate solid and liquid 
components. The supernatant liquid of the four aliquots was carefully poured into a single 
clean, 200 mL screw-cap sampling bottle.  
The 11 spoil samples were leached once per week for five successive cycles. Between each 
cycle, the spoil was air-dried in-situ in the wooden stand for five days. Following this, the 
funnels were transferred to tripods and placed under a series of 100 W, 120 V halogen infrared 
wide flood lights for two days, to ensure complete dryness (Figure 5.1). The funnels were 
returned to the wooden stand (visible in background) prior to the next leaching cycle. 
 
 
Figure 5.1. Spoil samples drying under an artificial light source 
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5.2.2. Controlled particles sizes 
 
Five spoil samples were selected to undergo leaching in the controlled particle size funnel 
experiment. B8 and B9 were included, as these spoil samples had been chosen for the 
mesocosm experiments. The addition of A10, C4, and C6 provided representatives from all 
three mine sites, as well as the majority of groups from the spoil salinity classification system. 
To reduce the number of samples in the controlled particle size funnel experiment, A12, B2, 
B3, B5, B6, and B7 were not tested. 
Polypropylene, 2-part Büchner funnels with a 130 mm diameter and 60 mm height were 
thoroughly washed with Liquinox detergent, and soaked in a weak nitric acid bath overnight. 
After drying, they were lined with Whatman™ 1001-125 Grade 1 qualitative filter paper. The 
filter paper had a diameter of 12.5 cm, and a pore size of 11 µm. The purpose of the filter paper 
was to avoid losing fine particles during the leaching process. 
Approximately 3 kg of each of the five spoil types were crushed in a small jaw crusher to a top 
size of 1 to 2 cm, and contained a mixture of particle sizes. Using dry sieves and manual 
shaking, the mixed spoil was separated into three controlled particle sizes: 
• <2 mm 
• 2–6 mm 
• >6 mm 
In all, there were fifteen samples (5 spoil types x 3 particle sizes) (Table 5.2). Spoil was 
carefully added to each funnel to fill to a thickness of 30 mm (approximately 350 cubic 
centimetres) (Park et al., 2013).  
Funnels were generally leached one after the other, due to the high hydraulic conductivity of 
the spoil, with the exception of the fine <2 mm size fractions. Initially, 350 mL of de-ionised 
(DI) water was carefully added, causing minimal disturbance to the spoil. As the leachate began 
to drain out of the bottom of the funnel, it was collected in 50 mL aliquots using glass beakers. 
The time for each aliquot to fill was observed. Before the water had completely drained through 
the spoil, another 350 mL of DI water was added.  
A higher volume of water was added in the controlled particle size experiment due to the greater 
water retention volume of the <2 mm spoil size fraction. 
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Ten successive 50 mL aliquots were collected, totalling 500 mL of spoil leachate. Excess 
leachate was discarded. When the leaching cycle was complete, the aliquots were transferred 
to screw-cap 50 mL polyethylene sample bottles. 
Table 5.2. Arrangement of funnels in the controlled particle size experiment 
 
The first, second, and third aliquots (total 150 mL) were combined to provide an adequate 
volume for major cations and anions analysis by ICP-OES. Similarly, the fourth, fifth, and 
sixth aliquots were combined for a second leachate sample. Finally, the seventh, eighth, and 
ninth aliquots were combined for third leachate sample. The tenth aliquot was discarded. This 
method was followed for the first three cycles. For the remaining four cycles, only the 
combined first, second, and third aliquot sample were analysed, due to financial constraints. 
The aliquots were transferred from glass beakers to centrifuge tubes. On an Eppendorf 
Centrifuge 5810 instrument, they were centrifuged at 4000 RPM for 15 minutes to separate 
solid and liquid components. The supernatant liquid of the three aliquots was carefully poured 
into a clean 125 mL screw-cap sampling bottle. The remaining 25 mL was discarded. 
The 15 spoil samples were leached once per month for seven successive cycles. In between 
each cycle, the spoil was air-dried in-situ for the remainder of the month to ensure complete 
dryness. Lights were not used in the controlled particle size funnel experiment, as the length of 
time between each cycle was extended to one month, rather than one week, and the samples 
had adequate time to completely dry. 
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5.3. RESULTS 
5.3.1. Mixed particle sizes 
 
5.3.1.1. Degradation 
 
The appearance of the spoil samples changed throughout the five wet and dry cycles, and over 
the course of the experiment. All samples degraded to some degree, though for some, the 
change was more significant. Figure 5.2 provides illustrations of the spoil samples before 
leaching (dry), and after leaching (wet). It was noted that possible preference flow paths began 
to form during the first leaching cycle. To counter this, each spoil sample was carefully stirred 
with a glass stirring rod (remix) after the second cycle, and then allowed to dry as normal. 
A crusting of secondary salts was observed on sample B5 prior to leaching in cycle 2. A similar 
white salt was also visible on sample C4, persisting from cycle 2 through to cycle 5. A yellow 
salt can be seen on sample C6 prior to leaching up until cycle 4. The salt crust formed 
predominantly on the coarse particles contained in the mixed spoil but did not correlate strongly 
to EC (Figure 5.3). Secondary salt crusts are discussed further in Section 5.3.2.1.  
5.3.1.2. Drainage times 
 
A variation in drainage times was also observed in the funnel leaching experiment (Figure 5.3). 
Some spoil types drained faster with each successive cycle (e.g. B9), while others slowed 
significantly (e.g. A10, B2, B3, and C6). As hydraulic conductivity is related to the percentage 
of fine particles in the spoil sample (Section 4.3.5), it is likely that for spoil samples with a 
decreasing drainage time, there was a net overall loss of fine particles during each leaching 
cycle. The swelling of clay minerals, followed by subsequent shrinkage cracking upon drying, 
may have also contributed to the decrease in drainage times. 
For the spoil samples where the drainage time increased, it is likely that gradual degradation 
due to the wet/dry cycles (Section 4.3.6) increased the percentage of fine particles (Figure 5.2). 
For spoil samples B6, B8 and B9, the spoil appears to be getting coarser over time. For A10, 
A12, and C6, the spoil appears much finer in cycle 5, compared to cycle 1. 
As the filter paper has a pore size of 11 µm, any spoil particles less than 11 µm were washed 
through as suspended solids in the leachate. It was observed that the first aliquot contained the 
108 
Figure 5.2. Photographs of spoil degradation over five leaching cycles in the mixed particle size funnel experiment, top size 1–2 cm
109 
 
coarsest particles, which slowly settled, as shown in Figure 5.4. Particles <1 mm likely 
remained in suspension and caused a colouration in the second and third aliquots of the 
leachate. With each aliquot, the percentage of settled and suspended particles seemed to 
decrease. 
 
Figure 5.3 Time required to drain 500 mL (10 aliquots) over the five leaching cycles (B2 
was left to drain overnight from cycle 3 onwards) 
 
It was observed that as each leaching cycle progressed, the time required to drain 10 aliquots 
either remained constant or increased with leaching cycles. For samples where the drainage 
time was relatively constant (e.g. B6, B7, B8, and B9), the leachate had a high concentration 
of suspended solids, which continued throughout the entire leaching cycle and did not 
significantly change from week to week.  
 
Figure 5.4 Leachate colour changes with five successive aliquots (1st cycle, B2)  
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For samples where the drainage time was increasing throughout, and between leaching cycles 
(e.g. A10, B2, B3, and C6), the number of suspended particles in the leachate decreased with 
each aliquot, until it was completely clear (Figure 5.4). It appears that for spoil where the 
drainage time increased, there was a correlating decrease in the amount of pore space, which 
acted as a filter. 
5.3.1.3. pH 
 
In the mixed particle size funnel experiment, the pH of the Quaternary spoil, B2 decreased 
immediately from pH 8.3 to 6.5 in cycle 2 and then increased slowly to 8.9 over successive 
leaching events (Figure 5.5). The pH may have initially decreased due to the flushing of water-
soluble salts. B2 has little or no pyrite but does contain 1% hematite (Fe2O3) (Figure 4.23). 
Over time, the slow dissolution of carbonate minerals would contribute alkalinity and increase 
the pH (Section 4.4). This effect was most obvious is cycle 5. The pH would continue to rise 
until a new equilibrium is reached. These results seem to correlate with the rapid degradation 
observed for B2, as it has poor cohesion and fine particle size, causing a long water residence 
time. 
 
Figure 5.5. pH trends with leaching cycles 
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By contrast, the competent sandstone, C4 increased from pH 7 to 7.5 in leaching cycle 2, before 
dropping suddenly to pH 5.5 in cycle 3. The mixing of the spoil would have aerated the sample 
and contributed to the production of H2SO4 in cycle 3. This competent spoil has a strongly 
dolomite cement. The surplus of carbonate minerals classifies the spoil as acid consuming and 
any rapid decrease in pH would have been buffered. C4 has a larger pH decrease than B2 
because it has a much higher sulfur content (discussed later in Section 5.3.1.5 and Figure 5.12). 
However, the slow degradation ensures that only a small proportion of the total sulfur has 
reacted. Therefore, the pH of C4 is higher than the pH of C6. 
The pH of the high sulfur, acidic spoil C6 was generally low and remained constant at about 
pH 3. The spoil was low in carbonate minerals, and its lack of acid neutralising capacity meant 
that the pH remained constant and did not rise over successive leaching events.  
 
5.3.1.4. Electrical conductivity (EC) 
 
The EC results (Figure 5.6) were highly variable and depended upon the type of spoil, the 
number of leaching cycles, the size of the spoil particles, and the amount of degradation. Only 
B2 displayed a typical ‘rapid’ salt release, which peaked in cycle 2, and declined abruptly in 
cycle 3, remaining relatively low from cycle 4 onwards.   
For several spoil types whose salts were dominated by chloride (e.g. A10, B8, and B9), a spiked 
EC was sometimes measured in the first aliquot. The increase in EC may have been caused by 
the dissolution of secondary evaporate salts, especially halite (NaCl), which would have 
formed in the month-long drying period. Another common observation was an increase in EC 
in the last few aliquots of a cycle as overlying water pressure was removed, and the water 
would have had a longer time to dissolve any remaining salt. 
In terms of salt release, most samples lost their salt content with time. It was also interesting to 
note that B3, C4, and C6 showed a pulse of salt release in the third cycle. This occurred in the 
first flush after ‘remixing’ and drying at the end of the second cycle. The remixing was 
performed to destroy the preferential flow paths of the spoil but appeared to have a significant 
impact on the EC by encouraging AMD processes. For samples that were low in sulfur, the 
remixing had no significant impact. 
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Figure 5.6. Leachate EC for initial five aliquots of 11 spoil samples 
 
 
5.3.1.5. Leachate chemistry 
 
There was a marked difference in leachate chemistry between the various spoil types (Figures 
5.7–5.12). For example, Quaternary spoil, B2, had a ‘rapid’ salt release pattern, with a 
relatively high concentration of Ca, Cl, Mg, and Na, but was low in S. The highest 
concentrations of these salt ions were contained in the first two leaching cycles (e.g. Figure 
5.7), causing a peak in EC. From cycle 4 onwards, relatively low concentrations of all major 
cations and anions were measured i.e. a quasi-steady state equilibrium. 
By contrast, C6 had its highest EC in leaching cycle 3, just after the ‘remix’, potentially due to 
the oxidation of pyrite (Section 5.3.1.4). Ca, Mg, and S all reached peak concentrations at the 
beginning of cycle 3. A similar leachate chemistry pattern was observed for B3, but this spoil 
contained proportionately more Na and less S, than C6. 
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Figure 5.7. Ca concentrations in spoil leachate over five leaching cycles 
 
Figure 5.8. Cl concentrations in spoil leachate over five leaching cycles 
The leachate chemistry for C4 appeared to be related to its state of degradation. Due to its 
relatively high proportion of dolomite (carbonate) cement (Figure 4.23), C4 has the potential 
to produce a high EC if all the salts were to dissolve. The spoil particles degraded gradually 
over successive leaching cycles, but it was not until cycle 4 that the highest concentrations of 
Ca, Mg, Na, and S were released. B5 displayed similar behaviour to C4, but proportional to its 
lower dolomite content. 
The leachate chemistry for the remaining samples (A10, A12, B6, B7, B8, and B9) was 
relatively constant over progressive leaching cycles. The rocky spoil samples (A10 and A12) 
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had a gradual increase in Na (Figure 5.11), while the salt concentrations in the leachate 
chemistry for B6, B7, B8, and B9 simply increased and decreased over time without significant 
change (e.g. total S, Figure 5.12). 
 
 
Figure 5.9. K concentrations in spoil leachate over five leaching cycles 
 
 
Figure 5.10. Mg concentrations in spoil leachate over five leaching cycles 
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Figure 5.11. Na concentrations in spoil leachate over five leaching cycles 
 
 
Figure 5.12. Total S concentrations in spoil leachate over five leaching cycles 
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5.3.2. Controlled particles sizes 
 
5.3.2.1. Degradation 
 
Over the course of the seven leaching cycles, most of the spoil samples showed signs of 
degradation. Figure 5.13 illustrates the changes that took place. For example, the >6 mm 
size fraction of cohesive samples A10, B8, and C4 showed little degradation. The lack of 
change in size or shape during the time frame of this experiment was predominantly due 
to lithology. For weaker spoil types, e.g. B9 and C6, degradation still occurred, despite the 
coarse particle sizes. 
Marked changes occurred in the remaining samples and size fractions. For example, in the 
A10, B8, C4, and C6 <2 mm size fraction, the spoil cracked when drying. These cracks 
were maintained throughout each leaching event, and eventually became wider. Shrinkage 
and compaction were observed in the B9 <2 mm size fraction, which possibly indicated a 
high proportion of swelling clay minerals (e.g. montmorillonite, or illite-smectite mixed 
layer clays).  
The degradation results of the 2–6 mm size fraction varied. The B8 and C4 2–6 mm size 
fraction did not significantly degrade. A10 2–6 mm showed moderate degradation, and the 
proportion of fine material appeared to increase with each cycle. Shrinkage and 
compaction once again appeared in B9 2–6 mm sample, (but to a lesser extent than <2 
mm), with rapid degradation after the first leaching cycle.  
A comparable behaviour was noted for all particle sizes of C6, due to the rapid degradation 
in the low pH environment. The C6 2–6 mm size fraction lost most of its coarser fragments 
within the first cycle, and by cycle 5, it is almost indistinguishable in appearance from C6 
<2 mm. The coarser particles seem to have slowed the degradation slightly in C6 >6 mm, 
with drying cracks only appearing in cycles 6 and 7, but these changes are still much more 
rapid than any other >6 mm spoil sample. 
From cycle 2 onwards, secondary salts formed on the surfaces of the coarse >6 mm 
particles in samples A10, B8, C4, and C6. In the <2 mm and 2-6 mm fractions, salts were 
visible only on sample C6. In all samples, the precipitate gradually dissolved over further 
leaching cycles. A field sample of salt crust from A10 seepage was previously identified 
by XRD as calcite (CaCO3) (Hilton and Edraki, 2017). As the leachate chemistry of A10 
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B8, and C4 are similar, it is likely that the secondary salt is also calcite in the smaller scale 
funnels. By contrast, the acidic C6 leachate has a different chemistry that is low in 
carbonate and high in sulfur. Speculatively, the secondary salt could be a sulfate mineral, 
such as gypsum (CaSO4·2H2O), epsomite (MgSO4·7H2O), or jarosite (KFe3(SO4)2(OH)6). 
 
 
Figure 5.13. Photographs of spoil degradation over seven leaching cycles in the 
controlled particle size funnel experiment 
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5.3.2.2. Drainage times 
 
Figures 5.14 to 5.16 show the different times required to drain 10 aliquots (500 mL) from cycle 
1 to cycle 7 for each spoil size fraction in the controlled particle size distribution (PSD) funnel 
experiment. A10, and C4 displayed expected behaviour, typical for a rock-like spoil. For these 
two samples, the drainage time of the <2 mm size fraction increased significantly over seven 
cycles (Figure 5.14), which correlated to degradation. The drainage time of the 2–6 mm size 
fraction for A10 and C4 also slightly increased with leaching cycles (Figure 5.15). By contrast, 
the time required to drain the >6 mm size fraction barely changed at all (Figure 5.16). 
Conversely, the drainage times of B8 and B9 generally decreased with each leaching cycle. 
This was in agreement with the results for the mixed particle size funnel experiment (Section 
5.3.1.2). For B9, the drainage times for all size fractions decreased sharply after cycle 1, then 
remained relatively constant from cycle 2 onwards. The high percentage of suspended solids 
observed in the leachate could be causing a decrease in the proportion of fine particles over 
time. 
 
Figure 5.14. Drainage times for <2 mm spoil in a controlled PSD funnel experiment 
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Figure 5.15. Drainage times for 2–6 mm spoil in a controlled PSD funnel experiment 
 
 
 
Figure 5.16. Drainage times for >6 mm spoil in a controlled PSD funnel experiment 
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The rapid degradation of the acidic sample, C6, had a significant influence on drainage times. 
The drainage time for the fine C6 <2 mm size fraction was almost identical to that of the A10 
<2 mm (Figure 5.14). This was an interesting observation, considering that A10 is competent 
and resistant to degradation when it is coarse. After seven cycles, however, the drainage time 
for C6 <2 mm had decreased slightly, while that for A10 <2 mm had increased. The cracks in 
C6, which formed early in cycle 2 and widened over the seven leaching cycles (Figure 5.13), 
could have been assisting the drainage rate.    
For the coarser 2–6 mm and >6 mm fractions of C6 (Figures 5.15 and 5.16), the drainage times 
seemed to correlate strongly with the size of the particles. As the coarse fragments rapidly 
degraded, it is likely that the pore space between particles was reduced (Simmons et al., 2015; 
Williams et al., 2011). In cycle 4, C6 >6 mm contained some coarse (1–2 cm) particles which 
were covered in a layer of much finer particles (Figure 5.13), suggesting that pyrite oxidation 
at the surface of the sample was the primary driver of degradation. Eventually, after 7 leaching 
cycles, when all of the coarse particles had disintegrated, there was only a slight difference in 
drainage times for all of the C6 size fractions. 
 
5.3.2.3. pH 
 
The pH values in the controlled particle size funnel experiment varied depending on the particle 
size, and the concentration of sulfur that was being produced through degradation (Figures 
5.17–5.19). In general, as leaching progressed, both alkaline and acidic spoil samples tended 
to become more neutral with progressive leaching cycles. The coarser size fraction (>6 mm) 
(Figure 5.19) tended to have a lower pH than the finer (<2 mm) size fraction (Figure 5.17). 
Potentially, the crushing and liberation of carbonates in the finer fractions could be producing 
alkalinity. 
The soil-like spoil samples (B9 and C6) did not show as much variation in pH with particle 
size, as they were already fine and generally degraded readily. For the rock-like spoil samples 
(A10, B8, and C4), there tended to be a wider range of pH values between the size fractions. 
The ease of liberation of salt from fine particles, compared to coarse particles, could be a 
contributing factor. 
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Figure 5.17. Change in pH for spoil <2 mm in a controlled PSD funnel experiment 
 
 
Figure 5.18. Change in pH for spoil 2–6 mm in a controlled PSD funnel experiment 
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Figure 5.19. Change in pH for spoil >6 mm in a controlled PSD funnel experiment 
 
5.3.2.4. Electrical conductivity (EC) 
 
The EC results varied depending upon the type of spoil (i.e. the mineralogy and texture), the 
size of the spoil particles, the number leaching cycles it had been subjected to, and the amount 
of degradation.  
The graphs below provide a general overview of EC changes with each particle size fraction. 
The fine <2 mm size fraction of A10, C4, and C6 displayed a rapid release of salt, whereas B8 
and B9 were relatively constant (Figure 5.20). The graphs for 2–6 mm (Figure 5.21) and >6 
mm (Figure 5.22) were relatively similar, but in the coarser size ranges C6 released much 
more salt than A10 or C4. In general, after crushing a rock-like spoil (e.g. A10, B8, or C4), 
the fine <2 mm size fraction of particles released significantly more salt than the 2–6 mm size 
fraction, which in turn, released more salt than the coarse >6 mm size fraction.  
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Figure 5.20. Changes in EC for spoil samples crushed and sieved to <2 mm  
 
 
Figure 5.21. Changes in EC for spoil samples crushed and sieved to 2–6 mm  
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Figure 5.22. Changes in EC for spoil samples crushed and sieved to >6 mm  
 
Figure 5.23 contrasts A10, a rock-like sandstone spoil with a fine grain size, with C4, a rock-
like sandstone spoil with a medium-coarse grain size. The process of crushing and sieving to 
<2 mm exposed fresh spoil surfaces, which would not normally be exposed if the rocks had 
been coarser (i.e. >6 mm). For A10 <2 mm, the first aliquot of the first cycle released a large 
proportion of readily dissolvable salt (40,000 µS/cm). In comparison, the peak EC for C4 <2 
mm (8370 µS/cm) did not occur until the fourth aliquot, suggesting that dissolution was more 
difficult, and the weatherable salt was likely a rock cement. 
The ease of dissolution also appeared to affect the length of time required for the spoil to 
become leached. For example, in A10 <2 mm, a low EC (quasi-steady state) was attained 
rapidly, beginning from cycle 2 onwards. For C4 <2 mm, salt was still being leached through 
cycles 2 and 3, with a quasi-steady state not properly attained until cycle 4.  
By contrast, the EC values for the 2–6 mm size fraction of A10 and C4 were relatively similar. 
Over seven cycles, A10 2–6 mm displayed a salinity decay from 1668 µS/cm to 353 µS/cm, 
while C4 2–6 mm decayed from 1222 µS/cm to 278 µS/cm.  At this coarser size range, the 
peak salt release for A10 2–6 mm was only slightly higher than C4 2–6 mm.  
 
125 
 
 
Figure 5.23. Change in EC with leaching cycles for A10 (left) and C4 (right) 
 
Over seven cycles, A10 >6 mm displayed a salinity decay from 623 µS/cm to 265 µS/cm, while 
C4 >6 mm decayed from 1098 µS/cm to 260 µS/cm. At the coarse size range, the EC trend was 
reversed – C4 released more salt than A10. EC spikes at the end of each leaching cycle were 
present in the >6 mm, and 2–6 mm, but not in the <2 mm size fraction, and were also observed 
in the mixed particle size experiment (Section 5.3.1.4).  
Figure 5.24 contrasts B9, a soil-like fine-coarse grain size, moderately-sorted weathered 
Permian sandstone, with C6, a soil-like Lower Permian fine grain size sandstone with a high 
sulfur content and the potential to produce acidic leachate (AMD). B9 has a loose clay matrix 
which seemed to rapidly disintegrate upon leaching. By contrast, C6 was composed 
predominantly of quartz crystals (arenite) interbedded with pyrite (Section 4.3.8).  
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The process of crushing had much less impact on B9 than C6. Over seven cycles, B9 <2 mm 
displayed a salinity decay from 146 µS/cm to 64 µS/cm, while C6 <2 mm decayed from 40,000 
µS/cm to 252 µS/cm. In general, the fine particles of B9 <2 mm did not release much salt, 
whereas C6 released the majority of its salt within the first leaching cycle and reached a quasi-
steady state equilibrium by cycle 3. 
 
 
Figure 5.24. Change in EC with leaching cycles for B9 (left) and C6 (right) 
 
There was a good correlation between EC and drainage times for C6 (Figures 5.14–5.16), with 
the coarse >6 mm size fraction producing only slightly less salt than C6 2–6 mm. However, for 
B9 it was the 2–6 mm size fraction that produced the highest EC, not the <2 mm fine size 
fraction, as would be expected. Comparatively, the EC for the B9 <2 mm and >6 mm size 
fractions was relatively constant, while the B9 2–6 mm size fraction had a gradual decay. This 
observation will be investigated further in the next section. 
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5.3.2.5. Leachate chemistry 
 
Appendix C contains all of the chemical results for the controlled particle size funnel leaching 
experiment. Here, some example plots are used to discuss the key points and findings.  Figure 
5.25 presents leachate chemistry data of C4 <2 mm, for Na, Cl, Ca, K, Mg, and S. In general, 
there was a rapid decay of all cations and anions, which was consistent with other <2 mm size 
fractions. A relatively low concentration was usually maintained from cycle 3 onwards. 
 
Figure 5.25. Leachate chemistry with respect to leaching cycles for C4 <2 mm spoil 
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By contrast, the leachate chemistry data for C4 2–6 mm (Figure 5.26) shows different trends. 
There was a steady decay of major anions and cations through leaching cycles 1 to 3, with the 
exception of alkalinity (as CaCO3), which was significantly depleted after the first leaching 
cycle. From cycle 4 onwards, the rate of decay slowed, but the spoil did not reach a quasi-
steady state over the course of the seven leaching cycles.  
 
 
 
Figure 5.26. Leachate chemistry with respect to leaching cycles for C4 2–6 mm spoil 
 
Figures 5.27 and 5.28 show further examples of leachate chemistry trends. For sample A10, 
out of the different size fractions, A10 <2 mm contained the highest initial leachate 
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concentration of Na. However, it was the 2–6 mm, not the <2 mm size fraction, that sustained 
the release of Na from cycle 2 onwards. Similarly, in B9, the 2–6 mm fraction had both the 
highest initial concentration of Ca, as well as the most sustained release of Ca.  
 
Figure 5.27. Leachate chemistry of A10 as a function of leaching cycles and particle size  
 
 
Figure 5.28. Leachate chemistry of B9 as a function of leaching cycles and particle size  
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Therefore, while in general the fine <2 mm size fraction lost constituents faster than the 2–6 
mm and >6 mm fractions, the collapse of the fabric of the microstructure of the B9 spoil (as 
well as factors such as swelling and shrinkage) caused changes in the hydrology of the spoil 
which in turn, affected salt release rates. In general, competent rock-like spoil with a higher 
concentration of authigenic minerals (e.g. A10 and C4) will have more sustained salt release 
with time. 
For most spoil types, Na cations had the highest concentration in the leachate compared to Ca, 
Mg, and K. The overall concentration trend for neutral-alkaline spoil was Na>Mg>Ca>K.  
Anions in non-acidic spoil generally followed the trend Cl>CO3>S. In the acidic sample, C6, 
this trend was altered to Mg>Ca>K>Na for cations and S>CO3>Cl for relative anion 
concentrations in the spoil leachate. The piper diagrams in Figure 5.29 illustrate how the 
proportion of major cations and anions changed over the seven leaching cycles. 
In cycle 1, for all non-acidic spoil samples (A10, B8, B9, and C4) the cation with the highest 
concentration was Na. For B8 and C4, Ca and Mg were also important contributors. In general, 
Cl was the dominant anion for all non-acidic spoil samples. For example, 80% of the anions 
contributing to salinity in cycle 1 for A10 <2 mm were from Cl. By cycle 4, nearly all of the 
Cl had been leached, such that it contributed only 20% of the total anions; the remainder was 
predominantly bicarbonate (HCO3). Over time, readily dissolved Cl was depleted and replaced 
by weatherable carbonates sourced from authigenic minerals.  
The cation with the highest concentration in the acidic C6 samples also changed over the 
leaching cycles. Initially, the leachate was 100% Mg in all size fractions in cycle 1, but by 
cycle 7 it had decreased to 20% Mg in C6 <2 mm, 30% Mg in C6 2–6 mm, and 50% Mg in C6 
>6 mm. As this was occurring, the proportion of Ca increased from 0% Ca in all size fractions 
in cycle 1, to 20 to 25% in all size fractions in cycle 7. While the concentration of Na in C6 
was generally low, it made a higher contribution in the <2 mm size fraction, which had a 
relatively low EC by cycle 7. 
Unlike A10, B8, and B9, which were low in SO4, C4 had a more complex chemistry with the 
proportion of all three anions and three cations changing over progressive leaching cycles. 
Initially, the soluble Cl salts dominated in the C6 <2 mm size fraction, but once these were 
depleted, SO4 and HCO3 produced through degradation become more significant. Overall, the 
piper diagrams indicated that the change in the character of the spoil leachate depended on both 
the mineral composition of the spoil, as well as the particle size. 
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Figure 5.29. Piper diagrams showing the change in the composition of spoil leachate 
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5.4. SUMMARY 
The leachate chemistry of the spoil samples was characterised by the balance between three 
competing factors: (a) the amount of intrinsic salt contained within the spoil; (b) the pH 
produced from the balance between sulfur oxidation and the neutralising capacity of the spoil 
(provided by the dissolution of carbonate minerals, such as calcite and dolomite); and (c) the 
ratio of framework to matrix size particles. An acidic leachate generally produced a rapid 
degradation rate, while degradation for a neutral or alkaline leachate was usually episodic, or 
slow. 
The rate of degradation affected the particle size distribution of the leached spoil. An increase 
in the proportion of fine particles caused significant changes to the hydrological properties of 
the spoil, which impacted the water drainage times. An increase in contact time between the 
spoil and water over successive leaching cycles was observed to increase the salt concentration 
of the leachate. However, once the intrinsic, readily available salts had been depleted, a quasi-
steady state equilibrium was reached. From that point onwards, salt release was generally low, 
even if the spoil had drained relatively slowly. 
If the spoil contained a relatively high amount of intrinsic salt, the crushing of rocks as part of 
the experimental process further accelerated salt release, due to the increase in specific surface 
area and the exposure of potential leaching surfaces. In general, fine spoil (<2 mm) degraded 
and released salt more rapidly than coarse spoil (>6 mm). Most spoil samples lost salt with 
time, but some did not reach a clear quasi-steady state rate of salt release over the limited 
duration of the funnel experiments.  
In the case of some coarse, rock-like, competent spoil types (e.g. A10, C4) the release of salt 
appeared to be increasing over time, due to degradation. In general, the EC produced from 
these spoil types was low, and was limited to rapid dissolution reactions. 
The funnel experiments showed that in terms of spoil classification, the original sedimentary 
lithology, (i.e. sandstone, mudrock), the presence of authigenic minerals, and the degree of 
weathering of samples was important. Coupled with spoil particle size, and hydrological 
properties, these conditions influenced the solid/liquid ratios of the spoil, and the residence 
times for salt dissolution and exchange reactions to take place. 
The next chapter of the thesis will study medium-scale mesocosms as a comparison to the 
small-scale funnels, which will allow an investigation into the upscaling of salt release rates. 
133 
 
 
 
 
 
 
CHAPTER 6: 
SALT RELEASE RATES: 
MEDIUM-SCALE MESOCOSM 
LEACHING EXPERIMENTS 
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6.1 INTRODUCTION 
Strategies are required to appropriately estimate salt generation rates for full-scale spoil heaps. 
Modelling needs data input that is accurate for basic spoil types, which can be upscaled to 
estimate the salt generation for the known dimensions of the spoil heap under investigation. In 
this chapter, we attempt to evaluate leaching rates from spoil samples representing in-situ spoil 
properties, as a contribution towards understanding the scaling effects between different spoil 
types at laboratory and in-situ scales.  
Figure 6.1 illustrates the infiltration of water through a full-scale spoil heap as it passes through 
three hypothetical zones: upper zone, middle zone, and lower zone (Simmons et al., 2015).  
Figure 6.1. Three-zone model for moisture conditions within spoil heaps (redrawn from 
Simmons et al., 2015 and Simmons and McManus, 2004) 
 
The volume of water that infiltrates below the 3m depth of the upper zone is relatively 
small (Simmons et al., 2015). Surface runoff from Queensland coal mine spoil to the final 
void has been approximated to be 80% of the average rainfall (ERM 2008), suggesting 
that only 20% enters the spoil heap. Hypothetically, a proportion of this rainfall volume 
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would be lost to evaporation, although in some coal mining areas the amount may be 
relatively low in the wet (summer) season.  
The spoil in the middle zone should therefore be dry most of the time. The thickness of 
the spoil body in the middle zone would vary depending on the height of the spoil heap, 
but speculatively would be in the range of >100 m, based on the increasing scale of spoil 
heaps reported by Simmons and Fityus (2016). The small proportion of water that 
infiltrates through the upper zone into the middle zone is unlikely to be sufficient to result 
in uniform porous flow (Simmons et al., 2015).  
As infiltrating rainfall only enters the upper zone before evaporating, this is not the source 
of moisture in the lower zone. Rather, the lower zone is thought to be dominated by water 
that has re-entered at the base of the spoil heap (e.g. seepage from pit walls, Figure 6.1), 
particularly if the base is at a depth below the water table (phreatic surface) (Simmons et 
al, 2015). Suction and density data suggest that an approximate thickness of the lower zone 
is 3 to 5 m (Simmons and Fityus, 2016). 
Medium-scale experiments were designed here to represent the leaching processes of each 
zone, to investigate the relationships between salt generation, solid/liquid ratios, and water 
residence times. A mesocosm or ‘medium-scale world’ is an outdoor experimental system that 
attempts to investigate the natural environment under controlled conditions. While it is not 
possible to represent the internal structures of a full-scale spoil heap in these experiments, 
mesocosm studies can develop similar in-situ features, and therefore provide a critical link 
between field surveys and highly controlled laboratory experiments.   
 
6.2. METHOD 
The set-up for the meso-scale experiments is summarised in Figure 6.2. Each mesocosm 
measures 1 m3 (1000 L) in volume and is designed to represent the leaching processes 
within a moisture zone (upper, middle, or lower), and one of two spoil types: soil -like 
(B9), or rock-like (B8). This amounted to a total of six mesocosms.  
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It was not the intent to precisely replicate each moisture zone within a full-scale heap, as 
that would require strict evaporation control. Hypothetically, there should not be any 
evaporation in the middle or lower zones. The temporarily saturated mesocosm best 
represents the intermittently saturated-unsaturated zone at the bottom of the middle zone, 
rather than the overlying bulk of the zone, which is generally dry (Simmons et al., 2015). 
The mesocosm set-up, filling, and drainage regimes are summarised in Table 6.1. For the 
first filling of the saturated and temporarily saturated mesocosms, water was added from 
the base to ensure that any escaping air bubbles exited the spoil at the surface. 
 
 
Figure 6.2. Experimental design for unsaturated, temporarily saturated, and 
saturated moisture regimes in a meso-scale spoil leaching experiment 
 
In the natural environment, rainfall varies in composition by dissolving particulate 
materials and gases from the atmosphere. In coastal areas, rainfall may contain a higher 
salt content, while in terrestrial areas, volcanic activity, as well as anthropogenic sources 
can create changes in rainfall composition (Berner and Berner, 2012). De-ionised water 
provides a better representation of in-situ rainfall than tap water (in the absence of on-site 
collected water, or water with a specifically designed chemistry), as it does not add a 
significant concentration of cations or anions that may impact leachate chemistry.  
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Table 6.1. Summary of mesocosm set-up, filling, and drainage regime 
# Sample type Moisture 
regime 
Filling/draining method Number 
of cycles 
1 Soil-like  Unsaturated Cycle 1: 
Drainage outlet opened. DI water added 
with rainfall simulator to fresh, dry spoil at 
minimum flow rate for 80 minutes. Spoil 
gravity-drained and volume of outflow 
measured. Rainfall simulator switched off. 
Spoil draining continued for a further 30 
minutes. Spoil left for 6 weeks. 
Cycle 2: 
Drainage outlet opened. DI water added 
with rainfall simulator to spoil at minimum 
flow rate for 60 minutes. Deuterium and/or 
fluorescein tracer added. Spoil gravity-
drained and series of samples collected. 
Rainfall simulator switched off. Spoil 
draining and sampling continued for a 
further 30 minutes. 
2 
2 Rock-like  Unsaturated As above 2 
3 Soil-like  Temporarily 
saturated 
Drainage outlet closed. DI water added by 
hose to a level 10 cm over the spoil 
surface. Left saturated for 2 days. Drainage 
outlet opened. Spoil gravity-drained and 
series of samples collected. Drainage outlet 
closed. Spoil left for 4–8 weeks. Drainage 
outlet opened. Residual drainage sample 
collected. Cycle repeated. 
11 
4 Rock-like  Temporarily 
saturated 
As above 11 
5 Soil-like  Saturated Drainage outlet closed. DI water added by 
hose to a level 10 cm over the spoil 
surface. Left saturated for 3 months. 
Drainage outlet opened. Spoil gravity-
drained and series of samples collected. 
Drainage outlet closed. Refilled with DI 
water within 1–2 hours.  
Cycle repeated. 
4 
6 Rock-like  Saturated As above 4 
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To represent the leaching processes in the upper zone, the mesocosm was kept unsaturated, 
and sprinkled with water from a rainfall simulator at a minimum flow rate for a period of 
80 minutes. To represent the leaching processes of the middle zone, the mesocosm was 
saturated (temporarily) for 2 days, and then drained. Natural evaporation was allowed to 
occur. This leaching cycle was repeated 11 times, with a period of 4 to 8 weeks before the 
mesocosm was refilled with DI water. To represent the leaching processes of the lower 
zone, the mesocosm was kept saturated, and drained approximately every 3 months. The 
water was refilled within 1 to 2 hours. 
 
Figure 6.3. Finished mesocosm set-up, including tent coverage. (Note: blue tarpaulins 
removed prior to leaching) 
 
Approximately 7.0 ± 0.5 cm of quartz pebbles was laid as a drainage layer at the base of 
each mesocosm using a bucket and shovel. For the three soil-like mesocosms, sand was 
laid on top of the pebbles, to a depth of 2.5 ± 0.5 cm. The mass of each liner, and the total 
mass of spoil + liner was measured using weigh bars. Each filled mesocosm was lifted 
with a forklift and placed on a stack of three wooden pallets. A tent frame and cover were 
placed over top of the mesocosms to minimise additional rainfall (Figure 6.3). 
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6.2.1. Degradation 
 
The degradation of soil-like and rock-like spoil in each moisture regime was measured in 
two ways. The first was the physical appearance of the surface of the spoil in the 
mesocosm, which was illustrated through a series of photographs through each leaching 
cycle. The second method was characterising the particle size distribution of the surface 
spoil by image analysis using photographs and Split-Desktop® software. 
6.2.2. Flow rates 
 
Table 6.1 provides a summary of mesocosm set-up, filling, and drainage regimes. The 
method for measuring the flow rates in the unsaturated mesocosms is presented in Section 
6.2.5, as part of the water residence time experiment. 
In the temporarily saturated and saturated mesocosms, water was added by a hose which was 
connected to the DI water tank. To create a pressure head, the DI water tank was lifted with a 
forklift to allow the water to flow out of the hose and into the mesocosm. The mesocosms were 
filled with a volume of water to saturate the spoil to a level at which the surface of the spoil 
was immersed under approximately 10 cm of water. The saturated mesocosms required 
additional water to maintain this level, due to evaporation and climate changes. The initial 
volume, as well as any supplemental water, was added together to calculate the total water 
input volume for each leaching cycle.   
As the mesocosms were drained, leachate was collected in 20 L buckets. Due to practical 
constraints, it was not possible to wash and dry the 20 L buckets in between each filling. A 125 
mL sample was taken from the outflow prior to each bucket being filled, to avoid possible 
contamination from previous buckets. The time required to fill each 125 mL sample + 20 L 
bucket was recorded to calculate the flow rate. When the flow rate of leachate from the drainage 
outlet began to slow down, 2 L beakers were used in place of the buckets for a higher time 
resolution of measurements. The total collection volume from each mesocosm was determined 
by adding the volume of all the buckets, beakers, and samples. 
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6.2.3. pH and EC 
 
In the laboratory, the 125 mL leachate samples were allowed to stand for 15 minutes, before 
measuring electrical conductivity (EC) and pH with a TPS LabCHEM-CP Benchtop 
Conductivity/TDS-pH/MV-Temperature Meter. 
6.2.4. Leachate chemistry 
 
The 125 mL leachate samples used in the pH and EC measurements were transferred to 50 
mL centrifuge tubes, which were placed into an Eppendorf Centrifuge 5810 instrument, and 
centrifuged for 15 minutes at a speed of 4000 RPM, before filtering. The supernatant liquid 
was refrigerated and analysed using a Varian Vista Pro ICP-OES instrument for major and 
trace elements. The extractable chloride present was determined colorimetrically on 
centrifuged and filtered extracts using a SEAL AQ2+ colorimetric analyser and the mercuric 
thiocyanate / ferric nitrate colour reaction.  
 
6.2.5. Water residence times 
In the unsaturated mesocosms, the rainfall simulator was attached to a mechanical pump, 
which was linked by hose to an Intermediate Bulk Container (IBC) acting as a DI water tank. 
Cycle 1 was designed to measure the flow rate. The pump lever controlling the water pressure 
was adjusted to provide a minimum flow rate that would sprinkle the spoil evenly over the 1 m 
x 1 m surface area of the spoil. As there was no pressure gauge on the pump, it was necessary 
to manually calibrate the flow rate of the water. 
To calibrate the rate of water input, a 2 L beaker was held under each of the three nozzles, as 
the rainfall simulator ran at the minimum flow rate for a time period of 1 minute. At the end of 
this calibration period, the volume of water in each beaker was measured, and combined to 
give the total volume of flow in 1 minute. Following the calibration, water was pumped through 
the rainfall simulator, without adjusting the pressure lever, for a period of 80 minutes (4800 s). 
The time between water input from the rainfall simulator and the first outflow of leachate 
from the drainage outlet was recorded. 
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After the rainfall simulator had been switched off, leachate continued to drain from the 
mesocosms for approximately 30 minutes. When the flow rate of leachate from the drainage 
outlet began to slow down, 2 L beakers were used in place of the buckets for a higher time 
resolution of measurements. The leachate output volume was plotted against time to calculate 
the rate of outflow for each spoil type. 
Cycle 2 was designed to measure the water residence time. The water residence time (tracer) 
experiment ran 6 weeks after the flow rate experiment. The spoil in the unsaturated mesocosm 
had been open to evaporation during this time. A calibration of the water input rate was 
performed, the same as it had in the previous cycle. Following the calibration, water was 
pumped through the rainfall simulator, for a period of 60 minutes (3600 s). The duration was 
reduced as there was a lower quantity of water available in the DI tank.  
The first outflow was designated as T = 0 minutes. From this moment onwards,  125 mL 
samples were collected directly from the drainage outlet at 1-minute intervals, continuously for 
90 minutes. At T = 1 minute, the flow rate of the water from the drainage outlet was steady. At 
this point, 90 mL of deuterium tracer (enrichment 56,000 per mil) was added evenly to the soil-
like spoil using a small 300 mL spray bottle. At T = 3 minutes, 300 mL of fluorescein solution 
(concentration 2 g/L) was also sprayed onto the spoil.  
Deuterium tracer is ideal because of low background levels, the high precision of measurement, 
and negligible interaction with the water and spoil chemistry. It was necessary for the 
deuterium tracer to be highly enriched, for it to still be detectable after dilution by the relatively 
high volume of water required in the experiment. The limited availability of deuterium, and 
expense of its analysis meant that only one deuterium tracer test was performed on the soil-like 
spoil, serving principally to confirm the reliability of the less expensive fluorescein tracer tests. 
The rock-like spoil was not tested with deuterium. 
In addition to sending these samples for laboratory measurements of deuterium and fluorescein 
concentrations, a continuously measuring fluorescein probe (Turner Designs C6P™ 
Submersible Fluorometer) (Turner, 2019) was suspended in the tray catching the leachate. This 
was connected to a data logger, using C-Soft software. The purpose of the submersible probe 
was to monitor the relative concentration of fluorescein in the leachate as the experiment was 
performed. However, the leachate in the tray had a residence time of approximately five 
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minutes, as the probe had to be kept submerged rather than measuring the outflow directly 
(Figure 6.4).  
 
Figure 6.4. Submersible fluorescein probe measuring the concentration of tracer 
In addition to the 1-minute sampling, excess leachate was transferred from the tray to 20 L 
buckets using small beakers, and then discarded. The leachate in the tray was maintained at a 
constant volume, so as to be level with the base of the probe. After 60 minutes, the rainfall 
simulator was turned off. However, the collection of leachate continued for a further 30 
minutes, as the spoil continued to drain.  
The 125 mL leachate samples collected during the experiment were prepared for analysis. Soil-
like spoil sample numbers 5, 9, 13, 16, 17, 18, 20, 22, 24, 27, 40, 47, 56, 65, 80, 88, 91, and 94 
were selected as providing key data for the shape of the deuterium breakthrough curve, based 
on the data provided by the fluorescein submersible probe. 25 mL of the deuterium leachate 
samples were separated from their solid components by centrifuging twice at 4000 RPM for 
15 minutes, before transferring to McCartney glass bottles. The deuterium samples were 
analysed using an Isoprime Dual Inlet Mass Spectrometer with Multiprep (DI-IRMS). 
All 90 of the collected leachate samples were also tested using a spectrophotometer (Turner 
Designs Trilogy® Laboratory Fluorometer) (Turner, 2019), with a specific fluorescein module 
(Figure 6.5). The concentration of fluorescein (Relative Fluorescein Units, RFU) in both the 
soil-like and rock-like spoil types was tested.  
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Figure 6.5. Spectrophotometer instrument used to detect fluorescein in leachate samples 
 
6.3. RESULTS 
6.3.1. Degradation 
 
Spoil degradation was markedly different between the three moisture regimes, and also 
between the two spoil types. In general, the unsaturated spoil did not significantly change over 
the course of two cycles (Figure 6.6). 
 
Figure 6.6. Degradation of unsaturated soil-like and rock-like spoil 
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The temporarily saturated spoil was subjected to 11 wet and dry cycles (Figure 6.7). 
Degradation was observed for both soil-like and rock-like spoil types. Shrinkage cracks formed 
in the soil-like spoil after repeated leaching events. In addition, spontaneous plant growth 
(generally grasses and weeds) appeared in the soil-like spoil, indicating readily available 
nutrients. The rock-like spoil showed a change in particle size distribution, and the proportion 
of fine particles appeared to increase, while the coarser fragments seemed to remain intact. 
There was no plant colonisation in the rock-like spoil. 
 
Figure 6.7. Degradation of temporarily saturated soil-like and rock-like spoil 
 
Figure 6.8. Degradation of saturated soil-like and rock-like spoil 
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In the saturated moisture regime (Figure 6.8), the soil-like spoil disintegrated quickly, and 
became relatively soft and muddy over time. Gradually, many of the large particles 
degraded, and there was significant settlement of the spoil (approximately 10  cm). The 
spoil also changed in colour, from reddish-brown to yellow. The rock-like spoil, by 
contrast, became coarser over time, and many fine particles seemed to be washed out. 
During the colder winter months following the first cycle (when evaporation was low), algae 
began to form on the surfaces of both spoil types.  
The particle size distribution tests were performed after leaching and confirmed most of the 
photograph observations (Figure 6.9). In general, the unsaturated spoil displayed an average 
particle size distribution. The temporarily saturated spoil was generally coarser than the 
unsaturated, although the soil-like spoil had a large proportion of fine material as well. The 
saturated soil-like spoil was composed predominantly of fine particles, whereas the rock-like 
spoil was relatively coarse by comparison. 
 
 
Figure 6.9. Particle size distribution of leached spoil in the mesocosms 
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6.3.2. Flow rates 
 
The results for measuring the flow rates in the unsaturated mesocosms are presented in 
Section 6.3.5, as part of the water residence time experiment. In general, during the 
drainage phase of the cycle, the flow rate of soil-like spoil in the temporarily saturated 
moisture regime decreased over progressive leaching cycles (Figure 6.10). The range in 
flow rate over the buckets decreased from 0.22 L/s to 0.37 L/s in cycle 1, to 0.07 L/s to 
0.12 L/s in cycle 8.  
However, the flow rate was faster in cycle 11 than in cycle 8, indicating that the flow rate 
did not correlate directly to degradation or leaching cycles. Hypothetically, the flow rate 
will be related to the pressure, which should correspond to the depth of the saturated zone. 
The water was always filled to the same level, however, in general, the longer the length 
of time between leaching cycles (which varied between 4 and 8 weeks), the more water 
that was required to fill the mesocosm, and the higher the volume and flow rate of water 
when it was drained, 2 days later. 
Similar trends were observed for the flow rate of soil-like spoil in the saturated moisture 
regime (Figure 6.11). In cycle 1, 400 L of water had been added to fresh, dry spoil. A total 
of 35 L of leachate was collected, which had a relatively slow flow rate that ranged from 
0.017 L/s to 0.045 L/s. In cycle 3, due to an error, excess water was added to the spoil, 
causing a higher water pressure. As a result, the collection volume (169 L), and the flow 
rate (0.042 L/s to 0.068 L/s) was higher in cycle 3 than in cycle 1.  
As degradation of the saturated soil-like spoil progressed, it became increasingly difficult 
to collect water at the base of the mesocosm. Degradation would have produced an increase 
in the proportion of fine particles, which may have caused a reduction in the hydraulic 
conductivity of the spoil, particularly if fine particles had been washed down and were 
blocking the outlet. In cycle 4, despite adding 133 L of water to the spoil, only 20 L was 
collected, at a flow rate of 0.0063 L/s, which was the slowest flow rate and collection 
volume recorded for all of the mesocosms.  
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Figure 6.10. Flow rate as the relationship between leachate volume and collection times 
over leaching cycles in temporarily saturated soil-like spoil 
 
 
Figure 6.11. Flow rate as the relationship between leachate volume and collection times 
over leaching cycles in saturated soil-like spoil 
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The hydraulic conductivity appeared to be higher in the rock-like spoil. In general, the 
flow rate of the rock-like spoil in both the temporarily saturated and saturated moisture 
regimes increased with leaching cycles, presumably as fine particles were washed out from 
the pore spaces between particles. Again, there was not a direct correlation with leaching 
cycles or degradation, but with the length of time between cycles and the volume of water 
that was added to the spoil. 
Figure 6.12 shows the change in flow rate with leaching cycles for rock-like spoil in the 
temporarily saturated moisture regime. The flow rate in cycle 1 was relatively low and 
ranged from 0.15 L/s to 0.25 L/s. The highest flow rate was cycle 11, which ranged from 
0.31 L/s to 0.41 L/s. In general, the hydraulic conductivity of the rock-like spoil appeared 
to increase with leaching cycles. 
 
 
 
Figure 6.12. Flow rate as the relationship between leachate volume and collection times 
over leaching cycles in temporarily saturated rock-like spoil 
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For rock-like spoil in the saturated moisture regime (Figure 6.13), the trends were similar. 
In cycle 1, the flow rate was relatively slow, and ranged from 0.20 L/s to 0.41 L/s. The 
highest flow rate was cycle 4, which ranged from 0.20 L/s to 0.56 L/s. The first bucket of 
the last leaching cycle of the saturated rock-like spoil produced the highest flow rate of all 
the mesocosms, and overall, the increase in flow rate occurred over a fewer number of 
cycles in saturated than in the temporarily saturated rock-like spoil.   
 
 
Figure 6.13. Flow rate as the relationship between leachate volume and collection times 
over leaching cycles in saturated soil-like spoil 
 
To summarise, the saturated moisture regime produced both the slowest and fastest flow 
rates, depending on the type of spoil and its lithology. In comparison, the temporarily 
saturated moisture regime produced similar flow rate trends, but over a greater number of 
leaching cycles.  
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6.3.3. pH and EC 
 
The pH was measured only for the temporarily saturated and saturated moisture regimes, 
which had a greater focus on geochemistry. In general, the leachate of soil-like and rock-
like spoil types in both mesocosms became more alkaline with increasing leaching cycles. 
The first 20 L bucket usually had the lowest pH, and subsequent buckets became more 
alkaline. 
The leachate of the temporarily saturated soil-like spoil varied between pH 6.85 and pH 
8.42 across all leaching cycles (Figure 6.14). From cycle 1 to 2, the pH of the first bucket 
decreased from pH 7.79 to pH 6.85, which correlated to a significant increase in EC. In 
the saturated moisture regime, the pH of the first bucket also decreased from pH 7.33 to 
pH 6.88 in cycle 1 to cycle 2, but from then onwards, pH increased steadily up to pH 7.83 
in cycle 4 (Figure 6.15).  
 
Figure 6.14. Change in pH over leaching cycles for temporarily saturated soil-like spoil 
On average, the leachate of the rock-like spoil was more alkaline than the soil-like spoil. 
The leachate of the temporarily saturated rock-like spoil varied across all leaching cycles 
from pH 7.65 to pH 8.35, and there was a steady increase in alkalinity from cycles 7 to 11, 
which is likely attributed to the slow dissolution of carbonate minerals (Figure 6.16). The 
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leachate of the saturated rock-like spoil ranged in pH from pH 7.35 to 8.35, with a general 
increase in alkalinity through all four cycles (Figure 6.17). 
 
Figure 6.15. Change in pH over leaching cycles for saturated soil-like spoil 
 
 
Figure 6.16. Change in pH over leaching cycles for temporarily saturated rock-like spoil 
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Figure 6.17. Change in pH over leaching cycles for saturated rock-like spoil 
 
Data for leachate EC in the unsaturated moisture regime is presented later in Section 6.3.5.  In 
the temporarily saturated moisture regime, the EC of the leachate from both spoil types 
generally decreased with leaching cycles (Figures 6.18). The leachate from the soil-like spoil 
released a higher concentration of salt than the rock-like spoil, particularly during the first few 
leaching cycles. Initially, it was observed that the first bucket of leachate had a relatively low 
EC in both soil-like and rock-like mesocosms. However, this was only true for cycles 1 and 2. 
As leaching progressed, this trend was reversed, and the first bucket then contained the highest 
EC. 
The EC of the leachate collected from the temporarily saturated moisture regime varied 
between spoil types. For soil-like spoil, EC ranged from a peak value of 4650 µS/cm (4th 
bucket, cycle 2), to a minimum value of 334 µS/cm (6th bucket, cycle 11). For rock-like 
spoil, the peak EC value was 1787 µS/cm (3rd bucket, cycle 1) to a minimum value of 306 
µS/cm (10th bucket, cycle 11) (Figure 6.18). In general, the soil-like spoil had a wider 
variation in the range of EC values that were produced over each leaching cycle. The EC 
of the leachate of the soil-like spoil in the first cycle was relatively low but increased 
significantly in cycle 2. This observation will be further discussed in chapter 7. 
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Figure 6.18. Change in EC over leaching cycles for temporarily saturated spoil 
The flow rates in Figures 6.10 to 6.13 should also be taken into consideration when interpreting 
the EC results. In particular, it should be observed that flow rates for soil-like spoil were 
generally decreasing with leaching cycles, and therefore a relatively high concentration of salt 
would continue to be dissolved in the long term due to increased contact time. Conversely, the 
flow rates for rock-like spoil were observed to generally increase with leaching cycles, which 
may lead to relatively constant or decreasing EC with time. A higher volume of flow has a 
dilution effect, resulting in lower concentrations of salt release. 
In between leaching events, the drainage outlet in the temporarily saturated mesocosms 
was kept closed. It was observed that during this time, residual moisture cont inued to 
infiltrate slowly through the spoil. Prior to refilling, this ‘predrain’ leachate was collected, 
and was found to produce a relatively high EC (Figure 6.19). As this drainage was not 
anticipated in the experimental design, sampling did not begin until cycle 4. Predicted 
values for missing data in cycles 2 and 3 have been included. The EC of the ‘predrain’ 
was, on average, twice the EC of the main flow.  
 
154 
 
 
Figure 6.19. Change in EC for ‘predrain’ in temporarily saturated spoil 
 
 
Figure 6.20. Change in EC over leaching cycles for saturated spoil 
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The EC for both types of spoil in the saturated moisture regime showed a steady, constant 
decrease with each leaching cycle (Figure 6.20). For soil-like spoil, the EC ranged from a 
peak value of 8370 µS/cm (2nd bucket, cycle 2) to a minimum value of 1457 µS/cm (5th 
bucket, cycle 3). In comparison, for rock-like spoil, the EC ranged from to 2810 µS/cm 
(5th bucket, cycle 1) to 1163 µS/cm (1st bucket, cycle 4). These values were, on average, 
2 to 3 x those produced by the main flow in the temporarily saturated mesocosms. In 
general, there was a low variation in EC between buckets within each cycle in the saturated 
moisture regime. However, a wider spread of EC values was observed when a relatively 
high volume of leachate was collected (see Section 6.3.2).  
6.3.4. Leachate chemistry 
Appendix D contains all of the chemistry results for the mesocosm leaching experiments. Here, 
some example plots are used to discuss the key points and findings. Figure 6.21 presents 
leachate chemistry data of Na for soil-like spoil in the temporarily saturated moisture regime. 
In cycle 1, the concentration was relatively low and ranged from 173 mg/L to 372 mg/L. Peak 
concentrations were observed in cycle 2, which ranged from 902 mg/L to 1006 mg/L. From 
cycle 2 onwards, there was a steady decay of Na concentration in the leachate. The first bucket 
had the lowest concentration in cycle 1, but a relatively high concentration in cycles 2 to 11.  
 
Figure 6.21. Na chemistry for temporarily saturated soil-like spoil over eleven cycles 
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Figure 6.22. Na chemistry for saturated soil-like spoil over four cycles 
 
Figure 6.22 presents leachate chemistry data of Na for soil-like spoil in the saturated moisture 
regime. Peak Na concentrations were measured in leaching cycle 1 and ranged from 1504 mg/L 
to 1538 mg/L. Na concentrations decreased over the following three cycles, with the largest 
spread of data occurring in cycle 3. During this cycle, a relatively high volume of water was 
added and collected. The first bucket had the lowest concentration in cycle 1, but a relatively 
high concentration in cycles 2 to 4, which was comparable to the temporarily saturated moisture 
regime. 
Both plots of Na concentration for soil-like spoil in the temporarily saturated and saturated 
mesocosms display a strong resemblance to the EC trends (Figures 6.18 and 6.20). Similar 
correlations were observed between EC and Na concentrations in rock-like spoil (Appendix 
D). Other cations, such as Ca and Mg, showed less correlation. In the temporarily saturated 
soil-like spoil, the concentrations of Ca and Mg steadily increased from cycles 9 to 11. 
Increasing Ca and Mg concentrations were also observed in cycle 4 of the saturated rock-like 
spoil, which suggested that longer water contact times were required to weather these minerals 
in more competent spoil.  
Figure 6.23 presents leachate chemistry data of Cl for rock-like spoil in the temporarily 
saturated moisture regime. The concentration of Cl peaked in cycle 1, and ranged from 316 
mg/L to 401 mg/L. Through the eleven cycles, the concentration of Cl rapidly decayed, and 
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was relatively low by cycle 8 (6.1 mg/L to 10.3 mg/L).  The leachate chemistry data of Cl in 
the saturated moisture is shown in Figure 6.24, which shows a similar decay over four cycles. 
 
 
Figure 6.23. Cl chemistry for temporarily saturated rock-like spoil over eleven cycles 
 
Figure 6.24. Na chemistry for saturated rock-like spoil over four cycles 
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Figure 6.25. Alkalinity (as CaCO3) chemistry for temporarily saturated rock-like spoil 
over eleven cycles 
 
 
Figure 6.26. Alkalinity (as CaCO3) chemistry for saturated rock-like spoil over four 
cycles 
 
The leachate chemistry data of Cl in Figures 6.23 and 6.24 do not correlate well to the EC 
trends observed for temporarily saturated and saturated spoil in Figures 6.18 and 6.20. Instead, 
the concentration of Cl appears to decay much more rapidly than EC, indicating another 
significant contributing salt source.  Figure 6.25 shows the leachate chemistry of alkalinity (as 
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CaCO3) for temporarily saturated rock-like spoil. The concentration varied between 22 mg/L 
and 301 mg/L. Overall there was a steady decay, except in leaching cycle 11 when the 
concentration began to rise from 110 mg/L to 138 mg/L. The leachate chemistry of alkalinity 
(as CaCO3) for saturated rock-like spoil is shown in Figure 6.26 for comparison. The rise in 
alkalinity concentration began in cycle 3 and continued in cycle 4. 
 
6.3.4.1 Leachate composition 
 
For soil-like spoil, the composition of the leachate over leaching cycles changed only slightly. 
In the temporarily saturated moisture regime (Figure 6.27), the proportion Cl anions in the 
leachate varied between 75% and 95%, with the remainder predominantly bicarbonate. 
The proportion of SO4 was generally low (<5%). For cations, Na + K varied from 85% to 
95%, while the proportion of Mg varied from <5% to 12%, and Ca was generally low (<5%). 
The changes in composition were similar  in the saturated moisture regime (Figure 6.28), 
except that the proportions of Cl and Mg decreased consistently with each leaching cycle.  
 
Figure 6.27. Piper diagram for temporarily saturated soil-like (B9) spoil 
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Figure 6.28. Piper diagram for saturated soil-like (B9) spoil 
 
By contrast, the composition of the leachate for rock-like spoil changed significantly with 
progressive leaching cycles. The change in leachate composition did not appear to be related 
to the moisture regime (Figures 6.29 and 6.30). However, under saturated conditions, there was 
a longer contact time between the water and the spoil, and therefore the change in composition 
occurred over a fewer number of leaching cycles.    
In both moisture regimes, the proportion of Cl in the leachate of the rock-like spoil decreased 
from approximately 70% to 10% while bicarbonate increased from approximately 25% to 80%, 
which confirmed the possibility of a second contributing salt source. The proportion of SO4 
varied from 5% to 15%, with the higher proportion generally occurring in later cycles. There 
was much less variation in the cation composition. The proportion of Na was 92 to 95%, while 
Ca and Mg were generally <5% each. It is possible that the release of SO4 ions assisted the 
dissolution of carbonate minerals to produce alkalinity. 
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Figure 6.29. Piper diagram for temporarily saturated rock-like (B8) spoil  
  
Figure 6.30. Piper diagram for saturated rock-like (B8) spoil 
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6.3.5. Water residence times 
 
In the unsaturated moisture regime, cycle 1 produced data regarding flow rates in each spoil 
type. It was observed that there was only a slight difference in the time interval between the 
onset of rainfall and the first outflow (Figure 6.31). For the soil-like spoil, the first outflow 
occurred at t = 183 s, while for the rock-like spoil, it occurred at t = 195 s. The water input rate 
measured in the calibration was 7.5 ± 0.5 L per minute, or 0.125 L/s. The rate of outflow while 
the rainfall simulator was turned on varied from 0.068 L/s to 0.13 L/s for soil-like spoil, and 
0.063 L/s to 0.13 L/s for rock-like spoil over all buckets.  
However, after the rainfall simulator had been switched off, the rate of outflow began to 
decrease. It varied from 0.064 L/s to 0.0013 L/s for soil-like spoil, and 0.025 L/s to 0.016 L/s 
for rock-like spoil, i.e. the flow rate decreased significantly faster for the rock-like spoil. 
 
 
Figure 6.31. Flow rate as the relationship between leachate volume and collection times 
in unsaturated soil-like and rock-like spoil 
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A set of 125 mL samples collected in cycle 2 was used to measure the EC in the unsaturated 
moisture regime (Figure 6.32). The EC of the leachate ranged from 1886 µS/cm to 381 µS/cm 
for soil-like spoil, and 664 µS/cm to 214 µS/cm for rock-like spoil over the 90-minute 
collection period. While the rainfall simulator was running, the leachate collected from the soil-
like spoil type showed a general salinity decay. For the rock-like spoil, a quasi-steady state 
equilibrium was reached after approximately 10 minutes. However, after the pump had been 
switched off, the EC of the rock-like spoil began to increase, eventually overtaking the main 
flow samples, and equilibrating with the EC of the soil-like leachate.   
 
 
Figure 6.32. Change in EC over a single leaching cycle for unsaturated spoil 
 
To investigate the relationship between EC and flow rate in the unsaturated mesocosms, data 
from cycle 1 and 2 were combined. The flow rate was measured in cycle 1, while the EC was 
measured from the samples taken in cycle 2. It is possible that a small amount of error has been 
introduced by comparing two different leaching cycles, although this would be difficult to 
detect or quantify. The flow rate was measured by filling buckets approximately every five 
minutes, and therefore there were fewer data points than in the sampling cycle, which was once 
per minute. For logistical reasons the flow rate and sampling were not carried out in the same 
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cycle, due to the need to keep the continuous-measuring fluorescein probe submerged at all 
times. 
Figure 6.33 shows that the EC of the soil-like spoil was high and decreasing over time in the 
first three buckets, while the end drainage was relatively low. The flow rate gradually increased 
over time and had reached a maximum of 0.1 L/s at the time that the rainfall simulator pump 
was turned off.  Conversely, for the rock-like spoil, the first three buckets produced a relatively 
low and constant EC, while the end drainage was relatively high and increasing over time. 
These results were significant, as they helped to understand and characterise the hydrological 
and salt release behaviour of different spoil types.  
 
 
Figure 6.33. Change in EC with flow rate for unsaturated spoil 
 
Additionally, the concentration of fluorescein tracer in the leachate samples produced 
breakthrough curves that gave an indication of the porosity of the spoil material, as well 
as the water residence time. Figure 6.34 plots the data measured by the fluorescein 
spectrometer from the soil-like spoil samples, taken at 1-minute intervals. The fluorescein 
data produced by the continuously measuring submersible probe was used as a guide only. 
Data produced by the probe had a 5-minute residence time of the leachate in the tray, and 
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therefore was not deemed as accurate as the direct measurement of the samples by the 
spectrophotometer.  
 
Figure 6.34. Measurement of fluorescein tracer concentration in soil-like spoil 
In the soil-like spoil, the first outflow of leachate from the spoil after the rainfall simulator 
was switched on was designated as T = 0 minutes. Background fluorescein levels were 
negligible. Tracer was added at 3 minutes, and the first detection of fluorescein from the 
outflow occurred at 8 minutes. Peak Relative Fluorescein Units (RFU) were measured at 
12 minutes, and a relatively low concentration was reached at approximately 80 minutes, 
although background levels were not attained in the timeframe of this experiment. 
In comparison, Figure 6.35 plots the data measured by the fluorescein spectrometer from 
the rock-like spoil. Again, the first outflow of leachate from the spoil was designated T = 
0 minutes. Fluorescein tracer was added at one minute and was first detected from the 
outflow at five minutes. The rock-like spoil produced a relatively gradual rise in tracer 
concentration, which peaked in RFU at 13 minutes, and reached a minimum concentration, 
only slightly over background levels, at approximately 50 minutes. 
The shape of the breakthrough curve for the rock-like spoil was a sharper decay curve, 
possibly indicating a shorter water residence time. Upon further testing, it was found that 
the magnitude of the RFU measurement was masked by the presence of suspended solids, 
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which provided a reason to explain the relatively low signal produced by the soil-like spoil. 
In hindsight, filtering the samples prior to analysis would have reduced this effect.  
 
 
Figure 6.35. Measurement of fluorescein tracer concentration in rock-like spoil 
To the author’s knowledge, this experiment pioneers the use of tracers to test the hydrology 
of spoil. Although fluorescein tracer is cost-effective and provides a signal that is 
relatively easy to detect, it was suspected that the organic dye may be adsorbing to clay 
particles, particularly in the soil-like spoil. The addition of deuterium tracer provided a 
method to validate the fluorescein results; however limited quantities were available. 
Figure 6.36 plots fluorescein and deuterium tracers in soil-like spoil, with the peaks 
purposefully aligned for ease of comparison.  
The shape of the deuterium breakthrough curve for soil-like spoil has a faster decay than 
fluorescein, suggesting that clay adsorption was likely. Background levels of deuterium 
were reached at approximately 48 minutes, which appeared to be comparable to the rock-
like spoil. However, as deuterium and fluorescein are separate tracers that behave 
differently, caution must be applied before drawing conclusions from these results. As 
rock-like spoil was not tested with deuterium, further research could potentially build upon 
these initial findings. 
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Based on the difference in shape of the breakthrough curves for fresh, unsaturated spoil 
(Figures 6.35 and 6.36), preliminary findings suggest there was a difference in the water 
residence times between the soil-like and rock-like spoil. Furthermore, flow rate times in 
the saturated and temporarily saturated moisture regimes (Section 6.3.2) indicate that the 
water residence time in different spoil types may change with degradation and progressive 
leaching cycles. There is scope to conduct further deuterium tracer testing of the other 
moisture regimes to investigate this hypothesis. 
 
 
Figure 6.36. Comparison of fluorescein and deuterium tracers in soil-like spoil 
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6.4. SUMMARY 
The amount of degradation of the spoil in each moisture regime was closely linked to the length 
of contact time between the water and the spoil particles, as well as the spoil type (i.e. lithology, 
particularly the amount of clay). For soil-like spoil, the saturated moisture regime showed the 
greatest degradation, and there was less degradation in the temporarily saturated moisture 
regime. By contrast, for rock-like spoil, the wet-dry cycles in the temporarily saturated 
moisture regime produced the most degradation, which resulted in a gradual increase in the 
proportion of fine particles. However, under permanent saturation, fine particles in the rock-
like spoil seemed to be washed out, and degradation was limited. 
The flow rate of soil-like spoil generally decreased with leaching cycles under both 
temporarily saturated and saturated moisture regimes, while the flow rate of rock-like spoil 
generally increased. Under the saturated moisture regime, the change in flow rate occurred 
over a fewer number of leaching cycles, which presumably was linked to longer water-
spoil contact times. Saturated soil-like spoil produced the slowest overall flow rate, while 
saturated rock-like spoil produced the fastest overall flow rate. 
The pH of both temporarily saturated and saturated spoil became more alkaline over 
progressive leaching cycles. In general, higher pH measurements were recorded for the 
temporarily saturated moisture regime for each spoil type. The highest EC values were 
measured in the saturated moisture regime for both spoil types. In general, the EC of the 
leachate from saturated spoil, was 2 to 3 x that of temporarily saturated spoil. Both spoil 
types exhibited a gradual salinity decay over progressive leaching cycles, with the 
exception of the rapid salt release of temporarily saturated soil-like spoil in cycle 2.  
Leachate chemistry in the soil-like spoil did not vary significantly based on moisture regime. 
In general, the concentrations of Na and Cl had a strong correlation to EC, although the Ca and 
Mg produced by mineral weathering reactions were observed to increase in concentration in 
later leaching cycles. Similar trends for cations were observed in the rock-like spoil, under 
temporarily saturated and saturated moisture regimes. However, for anions in rock-like spoil, 
the concentration of Cl became depleted, and over progressive leaching cycles, the dissolution 
of carbonate minerals appeared to become the predominating salt source. 
Data from the unsaturated moisture regime was used to investigate the water residence time in 
soil-like and rock-like spoil. In general, when the spoil was fresh, the flow rates of both spoil 
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types were similar. The EC produced by both types of unsaturated spoil was approximately 
1/2 x EC produced by the main flow in the temporarily saturated moisture regimes. Soil -
like spoil had a relatively high salt release at the beginning of the leaching event, but rock-
like spoil produced a relatively low EC, which increased as the flow rate decreased at the 
end of the drainage period. 
Data from the fluorescein and deuterium tracer studies showed that water has a lower 
residence time in rock-like spoil, as indicated by the sharper peak and decay of the 
breakthrough curve. However, these are initial findings only, and further work will need 
to be conducted with deuterium in different spoil types and other moisture regimes.  
Overall, the flow rate, water contact time, and spoil lithology are all critical factors to 
consider when attempting to predict the release of salt from spoil. It is the degradation of 
spoil that increases the proportion of fine particles. In turn, this creates a matrix, which 
leads to increased water contact time that controls the concentration of salt in the leachate 
produced by the spoil. 
Chapter 7 will draw together the results from the small and medium scale experiments for 
comparison and provide general discussion.     
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CHAPTER 7:  
GENERAL DISCUSSION 
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This discussion chapter analyses the results of chapters 4, 5, 6, in order to better understand 
the controlling processes and mechanisms of the long-term generation of salts from spoil.  
 
7.1 CLASSES OF SPOIL 
The twenty-five spoil samples collected from Burton, Moorvale, and Oaky Creek mines were 
classified into seven spoil classes on the basis of their salt content, mineralogy, texture, 
weathering, and rate of degradation (Table 7.1). In the degradation experiment (Section 4.3.6), 
the loose, soil-like spoils degraded rapidly, releasing a large proportion of their salt within the 
first 1 to 2 cycles. By contrast, rock-like spoils tended to release at a slower, more constant 
rate. Salt release decay curves will be further investigated in Section 7.2. 
The mechanisms and controls of particle degradation (also referred to as 'slake durability') were 
investigated thoroughly by Nickmann et al, (2006). The rate of degradation was found to be 
dependent on several parameters, including: (i) compressive or bond strength of the matrix; (ii) 
grain size distribution (particularly the proportion of clay minerals); and (iii) the degree of 
water conductivity or pore volume. Nickmann et al, (2006) suggested that weak rocks have 
poor structural strength and will degrade over a time period from days to several years, 
particularly when exposed to water and an oxidising environment.  
The physical properties of spoil are consistent with those of weak rocks, and therefore existing 
geotechnical methods may be useful in helping to predict salt release. The Emerson Aggregate 
Test (AS 1289.3.8.1-2006) is used to classify the coherence of soil aggregates in water but 
could readily be applied to spoil to help predict its rate of degradation. The Emerson Aggregate 
Test classifies materials from Class 1 (least cohesive) to Class 9 (most cohesive) on the basis 
of slaking, dispersion, and swelling. 
It was observed that the EC recorded in each leaching cycle was dependent on the amount of 
intrinsic salt within the spoil. For example, in the degradation experiment, B2, a Quaternary 
Group 4 spoil, produced an EC of 16,030 µS/cm, while B1, a Permian Group 6 spoil, produced 
only 866 µS/cm. The sediments that formed the older spoil, B1, were deposited earlier, under 
different environmental conditions, in comparison to B2. Therefore, the intrinsic salt content 
was found to vary for different spoil types. 
.
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Table 7.1. Summary of Spoil Classes 
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The rate of release of salt had a greater dependence on particle size for rock-like spoil, 
compared to soil-like spoil. For example, in the controlled particle size funnel experiment 
(Section 5.3.2.4.), A10, a relatively fresh Permian sandstone, produced a leachate with an EC 
measuring 40,000 µS/cm, in the first aliquot of cycle 1, when it was crushed to <2 mm. 
However, when the particle size was >6 mm, the peak EC (measured in the first aliquot of cycle 
2) was relatively low, at 623 µS/cm. Conversely, for soil-like spoil (e.g. B2), rapid degradation 
generally produced a particle size reduction within the first few leaching cycles, and therefore, 
there was less contrast in salt release between fine and coarse particles. 
These observations agreed with those in the literature, e.g. Daniels et al. (2014) (Figure 7.1). 
In this experiment, it was observed that the finest type of spoil, black shale, released the highest 
concentration of salt, compared to the other spoil types. The coarse sandstone spoil released 
the lowest concentration of salt, and mixed mudstone/sandstone spoil produced an intermediate 
EC. All samples had been crushed to <1 cm. The differences between saturated and unsaturated 
moisture conditions will be discussed later in Section 7.3. 
 
Figure 7.1. The generation of salt from spoil containing shale compared to mudstone 
and sandstone (Daniels et al., 2014) 
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The spoil leachate chemistry was observed to vary between different spoil types, however, 
lithology was not the only factor. Particle size, degradation rate, spoil:water ratio, the length of 
time in between leaching cycles, and the number of leaching cycles that the spoil had been 
subjected to, were all observed to impact the chemical composition and salt concentration of 
the leachate that was produced. 
For example, the leachate of C4 produced a chloride concentration of 77 mg/L in the short-
term batch leaching experiment when the spoil had been crushed to 2 mm. In comparison, in 
cycle 1 of the mixed funnel experiment, the spoil had been crushed to <1 cm, but produced a 
chloride concentration 409 mg/L. Intuitively, a higher concentration would be expected from 
smaller particles. However, in the short-term batch leaching experiment, the spoil:water ratio 
was lower than in the mixed funnel experiment. Therefore, it makes sense that a higher 
concentration of chloride was produced from the less diluted sample. The dilution effect is 
discussed further in Section 7.3.2. 
The mineralogy of the spoil (as determined by XRD) provided vital information regarding the 
source of the salt. For example, B2, B3, and B5 were all collected from Burton mine, and were 
similar in appearance, but B5 has a different mineralogy (Figure 7.2). B2 contained the highest 
proportion of fine rock fragments, and B5 was the coarsest. In the degradation experiment, B2 
rapidly disintegrated, while B3 remained competent (Section 4.3.6). The difference between 
these two samples, therefore, lay not in the minerals themselves, but in rock fragmentation and 
also the arrangement of crystal grains in the rock texture as shown below. Sample B5, however, 
has a different mineralogy and different salt release rate. 
 
Figure 7.2. Quantitative XRD results for B2, B3, and B5 
A petrographical comparison of B2 and B3 revealed that B2 was composed of coarse, 0.5 mm 
to 1 mm grains in a weak clay matrix, while B3 had much finer grains, about 0.1 mm in size, 
and had much better sorting (Figure 7.3). A poorly sorted mixture of different grain sizes seems 
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to produce a relatively weak rock, compared to a rock consisting of well sorted grains. Meng 
(2007) found that rock strength and brittleness gradually increased with the percentage or size 
of detritus (or quartz) grains in the rock composition. However, B2 and B3 contained a similar 
amount of quartz, indicating that grain size was the more important variable in this example. 
 
 
Figure 7.3. Petrographic thin sections for B2, B3, B5 (cross-polarised light) 
Due to the disintegration of the rock fabric upon leaching, B2 immediately released the 
majority of its salt in the first 1 to 2 leaching cycles, regardless of original particle size. In the 
mixed funnel experiment, the leachate chemistry was predominantly Na and Cl, however B2 
also contained Ca, Mg, and S (Section 5.3.1.5). The leachate chemistry for B3 was nearly 
identical in terms of proportions of anions and cations, but approximately one-third the total 
concentration. Similar trends were noted for EC in the degradation experiment (Figure 4.20). 
For B3, salt leaching was occurring, despite no apparent degradation or change in particle size 
(Figure 4.19). However, B3 released salt more slowly than B2, and continued to produce salt 
in the long-term, long after B2 had been completely leached. It was concluded that on its own, 
mineralogy cannot predict the rate of salt release. Petrographical analyses can, however, 
improve assessment and add value to the categories of ‘soil-like’ or ‘rock-like’. 
As another example, B3 and B5 are both competent rocks with different mineralogy (Figure 
7.1). B5 was lower than B3 in quartz and clay and had a higher proportion of dolomite and 
calcite. Under the microscope, B5 had a very fine grain size (0.01 mm), was very well sorted, 
and had a brown limonite cement (Figure 7.2). In the degradation experiment, B5 produced a 
lower EC than either B2 or B3 (Figure 4.19), and the proportion of salt released each cycle was 
near-constant (Figure 4.20). There was no apparent degradation of the spoil rocks. 
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Surprisingly, despite the differences in mineralogy, the chemistry of the leachate produced in 
the mixed funnel experiment by B5 was very similar to B3 (Figures 5.7–5.12). This seemed to 
reflect the susceptibility of particular minerals to leaching due to crushing to a smaller particle 
size (less than 1cm), rather than the chemical composition of the spoil.  
At neutral or alkaline pH, carbonate minerals such as calcite and dolomite were only slightly 
soluble, and NaCl was generally the main salt produced. The presence of S (e.g. from pyrite, 
FeS2), and the production of sulfuric acid, H2SO4, greatly increased the rate of dissolution of 
calcite and dolomite, which gradually changed the composition of the spoil leachate over time, 
even if the spoil contained only a small proportion of S. 
Analyses of the leachate chemistry for the mixed particle size funnel experiment showed that 
Ca and Mg were released as salts only in the presence of, and proportional to the amount of S. 
In other words, the oxidation of sulfur was the controlling factor in carbonate dissolution. 
Degradation appeared to further accelerate this process. For example, B2 contained a relatively 
small concentration of Total S (326 mg/kg), but rapid degradation caused a relatively high 
release of Ca and Mg (Figures 5.7 and 5.10). A neutral pH of 6 to 8 was produced (Figure 5.5).  
The character of the salt load can essentially be predicted from (a) the Total S concentration; 
(b) the concentration of carbonate minerals; and (c) the rate of degradation. Hypothetically, if 
Total S is low, and degradation is slow, then Na/Cl will dominate the leachate chemistry (e.g. 
A10). In this instance, carbonate and feldspar minerals dissolve relatively slowly. If Total S is 
low, but the spoil rapidly degrades, then some carbonate minerals will be dissolved, and the 
leachate will be a mixture of Na/Cl + Ca/Mg/SO4 (e.g. B2). This will also occur if Total S is 
high, but the spoil degrades slowly (e.g. C4). If the concentration of Total S is high, and there 
are few carbonate minerals to neutralise the production of acid, then degradation will be rapid, 
and the character of the salt load will be predominantly Ca/Mg/SO4 (e.g. C6). 
The generation of salt in the long term in the Bowen Basin will usually be caused by slowly 
degrading, low S, rock-like spoil (Groups 1, 2, and 6), which produce NaCl-dominated leachate 
that is neutral to alkaline (pH 6–10). Soil-like spoil (Groups 3 and 4) will produce a higher EC 
in the short term but will reach a quasi-steady state equilibrium relatively quickly. From this 
point onwards, salt production will be low. Leachate produced from soil-like spoil will usually 
be neutral (pH 5–8), as most available S will be released quickly, and then neutralised.  
A saline leachate that is low in pH will produce the fastest salinity decay (Groups 5 and 7). 
Without carbonate minerals to buffer the leachate reactions, all available salts from these spoil 
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rocks have the potential to dissolve. In the short term (e.g. up to 20 years), acidic-neutral spoil 
from Groups 3, 4, 5, and 7 present the greatest hazard, although salt production will diminish 
through repeated leaching cycles. In the long term (e.g. 20–50 years), coarse, rocky spoil from 
Groups 1, 2, 6, and possibly 7 will continue to slowly generate salt, and will require continual 
management. 
The following hypothesis was therefore supported by observations made in the spoil 
characterisation experiments: 
“By correlating leaching results to specific minerals identified by XRD and petrography 
in the spoil, it will become clear which rock types influence salt generation.” 
 
7.2. SALT RELEASE DECAY CURVES 
 
Hypothetical salinity decay curves for spoil of different compositions proposed in chapter 2 
were based on previous literature research e.g. Daniels et al. (2014) (Figure 7.1), and Fityus et 
al. (2008) (Figure 7.4). In these experiments, it was observed that the spoil composition 
impacted the rate of salt release. Coarse grain rocks, such as sandstone, generally produced a 
slower salinity decay curve than fine, mudrock samples (Figure 7.1). Daniels et al. (2014) 
crushed samples to <1 cm but attempted to maintain particle size heterogeneity. By contrast, 
Fityus et al. (2008) (Figure 7.4) crushed all samples to <90 µm, creating a relatively fine and 
homogenous particle size, hence similar decay curves.  
The hypothetical salinity decay curves from chapter 2 are reproduced in Figure 7.5. From the 
results of the funnel and mesocosm experiments, it was confirmed that soil-like spoil classes, 
i.e. Groups 3, 4, 5, and 7 (Table 7.1), generally undergo a rapid salinity decay much like 
theoretical spoil A in Figure 7.5. However, rock-like spoil types, i.e. Groups 1, 2, and 6, did 
not behave similarly to theoretical spoil B. For these spoil types, salt release was much slower 
than expected, and did not match the hypothetical salinity curve. 
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Figure 7.4. Salt release as a function of cumulative volume of water leached through the 
spoil (Fityus et al., 2008). Spoil compositions are as follows: Coarse (50% sandstone, 20% 
conglomerate, 24% mudrocks, 5% chert, 1% coal); Typical (60% fine sandstone, 39% 
mudrocks, 1% ironstone); Average (30% fine sandstone, 64% mudrocks, 1% chert, 1% 
coal); Partings (84% carbonaceous rocks, 16% coal or reject). 
 
The degradation of spoil was observed to be a continuous process in which the coarse particles 
disintegrated into finer particles, as the rocks attempted to equilibrate with the surrounding 
environment. Previous research suggests that sedimentary depositional processes cause rock 
compaction and strength through increasing overlying pressure (Boggs, 2014). Excavation and 
dumping releases this burial pressure, as well as exposing the spoil rocks to atmospheric 
conditions and rainfall (Doka, 2009; Lottermoser, 2007). Over the long term, spoil undergoes 
pedogenesis, slowly transitioning into soil by the breakdown of instable minerals which 
gradually release salt, becoming less cohesive, and later incorporating organic matter (Brevik 
and Lazari, 2014; Roberts et al., 1988).  
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Figure 7.5. Hypothetical salinity decay curves 
 
The release of salt from spoil through dissolution and mineral weathering was also observed to 
be a continuous process. Figure 7.6 is a conceptual diagram illustrating possible sources of salt 
from spoil. Under neutral or alkaline pH conditions, intrinsic minerals with the highest 
solubility (e.g. NaCl, KCl, NaSO4) will be first to be released from the spoil (Li et al., 2014). 
In acid mine drainage (AMD) conditions, or even with a relatively low concentration of sulfuric 
acid, less soluble minerals such as carbonates and feldspar will begin to dissolve (Figure 4.24). 
Ion exchange reactions through adsorption/desorption on the surfaces of clay minerals are a 
relatively slow process, mostly likely to be occurring within the fine particles of the spoil 
matrix (Gozzard, 2009; Carroll, 1959). The dissolution of silicate minerals and the degradation 
of clay are other examples of long-term mineral weathering (Balkenhol et al., 2009). 
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Figure 7.6. Contributing processes in the release of salt from spoil 
 
In general, it has been observed that spoil releases salt in a decay curve, which reaches a quasi-
steady state over time. While Daniels et al. (2014), Orndorff et al. (2010), and Fityus et al. 
(2008), have demonstrated that the decay curve will vary depending on the spoil lithology, the 
processes that control the rate of salt dissolution were not well explained previously. The funnel 
and mesocosm experiments presented here show that relatively long water residence time 
sustain salt release, and lead to high EC. Degradation exposes fresh particle surfaces for 
leaching. However, more importantly it causes an increase in the proportion of fine particles in 
the spoil, which decreases pore space and reduces the movement of water through the spoil 
(Kho and Williams, 2015). Therefore, salt release will still occur without degradation, but a 
reduction in hydraulic conductivity caused by degradation significantly increases this process.  
A revised version of the hypothetical salinity curves (Figure 2.1) is shown in Figure 7.7, which 
is based on the results from the degradation experiment (Section 4.3.6) and the mixed funnel 
experiment (Section 5.3.1). Instead of having only two curves, the revised plot now includes 
four types of spoil. The four categories were: (A) matrix-only; (B) matrix-supported; (C) 
framework-supported; and (D) framework-only. These correlate well with the four textural 
categories introduced by Simmons and McManus (2004) and discussed as Figure 3 in the 
literature review (Appendix A). 
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Type A spoil represents ‘matrix only’ spoil that is comprised almost entirely of fine particles, 
and will consist generally of unconsolidated sand, silt, and clay. This type of spoil underwent 
degradation immediately upon leaching, causing the spoil to break into even finer particles 
(Figure 4.18). Phase 1 was therefore instantaneous, or non-existent. 
A rich clay content in Type A spoil usually caused it to swell, and hydraulic conductivity was 
greatly reduced if kaolinite was the predominant clay type (Figure 4.23). Water had a high 
residence time in this type of spoil, and as such, many dissolution reactions took place within 
the first leaching cycle (Figure 5.3). The initial salt load was extremely high. The majority of 
the salt from this type of spoil was leached within 2 to 3 cycles, and a quasi-semi state was 
reached relatively early (Figure 5.6). 
Spoil salinity class groups 4 and 7 were most likely to display type A behaviour.  
 
Figure 7.7. Hypothetical salinity decay curves (revised) 
 
Type B represents ‘matrix-supported’ spoil that is comprised of some coarse particles 
embedded in a fine matrix. Unlike type A spoil, not all of the salt was readily available 
immediately upon leaching. Many of the coarse particles needed to undergo degradation before 
they were able to release all of their dissolvable salt. In the first leaching cycle, the hydraulic 
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conductivity was relatively quick, and a moderate salt load was released. Following the first 
flush however, degradation occurred, particularly if there was residual moisture.  
As a result, type B spoil produced a peak EC after several leaching events had occurred, and 
hydraulic conductivity had decreased. A quasi-steady state was usually reached in as little as 5 
to 10 leaching cycles, depending on the quantity of coarse particles and their rate of 
degradation.  
Spoil salinity class groups 3 and 5 displayed type B behaviour, however, this was dependent 
on particle size. Crushing and sieving had a strong influence on the behaviour of the spoil, as 
matrix and framework particles degraded at different rates. For example, B9 contained a 
number of more competent rock fragments, which degraded at a different rate compared to the 
matrix (Figure 7.8).  
 
Figure 7.8. Varying degradation of B9 spoil particles over leaching cycles 
 
Type C spoil correlates well to ‘framework-supported’ spoil that is comprised of mostly coarse 
particles, with some fine matrix in the gaps between particles. This was the most common type 
of spoil sampled. In general, the spoil underwent ‘episodic’ degradation (Figure 4.21), and the 
peak salt load was observed to occur after many leaching cycles, when substantial degradation 
had taken place. Spoil salinity class groups 2 and 6 generally displayed type C behaviour.  
Figure 7.9 provides some Type C examples from the degradation experiment. A4 is a fine-
grained Permian mudrock spoil from Group 6. A peak EC of 323 µS/cm was reached in 
leaching cycle 10, followed by a fairly rapid decay. B8 is a calcite-rich Permian sandstone spoil 
from Group 6. When it degraded, the rocks split parallel and perpendicular to fine laminations 
within the rocks, which produced angular blocks. This degradation produced several EC peaks. 
The initial peak (389 µS/cm) would have been caused by rapid dissolution from the surfaces 
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of the fresh particles. EC then decreased, but it peaked again in cycles 7 and 10 (both 383 
µS/cm) when breakage exposed new surfaces. 
 
 
Figure 7.9. Degradation and EC values for A4 and B8 over 13 leaching cycles  
 
Type D spoil correlated to ‘framework only’ spoil, which was represented by spoil salinity 
class group 1. This type of spoil showed little to no degradation over the period of 13 leaching 
cycles, and in general, the spoil did not crack, break, or produce fine particles. A peak EC was 
produced after 6 to 7 leaching cycles, but this EC was very low in comparison to the other spoil 
types.  
Due to the slow degradation and high hydraulic conductivity of type D spoil, these rocks are 
unlikely to produce any significant salt in the short term, provided they remain as coarse 
particles. In the long term (100+ years), degradation is likely to occur, particularly if the pH of 
the leaching water decreases, for example, due to dissolved sulfate or bicarbonate ions. As 
these unweathered, competent spoil types may contain a relatively high proportion of intrinsic 
salt, such degradation would be undesirable. 
The hypothetical salinity curves in Figure 7.7 may be applied on a global scale to better 
understand and predict the behaviour of coal mine spoil from outside the Bowen Basin study 
area. For example, Daniels et al. (2014) leached spoil from Tennessee, USA as small-scale 
columns and medium-scale barrels and mesocosms (Figures 7.10 and 7.11). The physical 
appearance of the spoil suggests that it is matrix-supported (Type B) or framework-supported 
(Type C), based on the inclusion of both fine matrix particles, and competent rock fragments. 
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The length of time required for the spoil to degrade and reach a peak EC would depend upon 
the size and strength of the coarsest particles in the spoil.   
 
 
Figure 7.10. Mesocosms filled with Harlan sandstone spoil (Daniels et al., 2014) 
 
In the small-scale column experiments, Daniels et al. (2014) crushed the Harlan spoil to <125 
mm. The leaching columns were 75 mm in diameter and 400 mm in length (17.7L). In the 
barrels and mesocosms, the spoil was sieved to <150 mm, and rock fragments up to 500 mm 
were later mixed into the sample. The barrels were 200 L in capacity, whereas the mesocosms 
were 1500 L. Figure 7.11 shows that the spoil in the columns underwent rapid salinity decay 
(Type A behaviour) due to the small particle size. However, the Harlan spoil in the barrels and 
mesocosms behaved identically, despite the different capacity of the vessels, as both samples 
contained the same particle size distribution. 
It can be observed from Figure 7.11 that the columns enter phase 4 (long-term mineral 
weathering) after 20 cm of cumulative leaching. Meanwhile, the barrels and mesocosms begin 
to produce an increasing EC from 50 cm of cumulative leaching onwards. This models 
framework-supported (Type C) behaviour (Figure 7.7), and in theory, the coarser spoil is still 
in phase 1 (rapid dissolution) and will slowly approach a peak EC as it begins to degrade.  
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If Daniels et al. (2014) had instead chosen to leach only the coarse spoil fragments (150–500 
mm) and excluded all fine particles, it is likely the spoil would have displayed framework-
dominated (Type D) behaviour, which would have produced a lower initial EC that was 
sustained or increasing slowly in the long term. Therefore, particle size plays a critical role in 
the rate of salt release when comparing spoil samples of the same lithology. However, 
according to the degradation experiment, not all coarse particles of different spoil types will 
degrade slowly (Figure 4.18). The amount of intrinsic salt and pH will also vary. 
 
 
Figure 7.11. Harlan sandstone leachate EC for columns, barrels, and mesocosms 
(Daniels et al., 2014) 
 
7.3. QUALITATIVE SCALING FACTORS 
This research has examined some of the factors that create difficulties when trying to represent 
the processes of a full-scale spoil dump in a controlled environment. In the mesocosms, for 
example, all of the seepage was trapped and collected through the drainage outlet. However, in 
full-scale spoil dumps, drainage is diffuse and exits not only into sumps, but also soaks directly 
into the ground where it eventually enters the groundwater table. In order to verify that the flow 
rate has been correctly upscaled, the total volume of flow would need to be measured.  
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The experimental data in chapters 5 and 6 provide evidence regarding the different processes 
and mechanisms that take place when spoil is leached at small and medium scales. While it 
was not possible to represent the structural features of a full-scale spoil heap in the scope of 
this thesis, results presented here should provide an indication of the important qualitative 
scaling factors to consider for future research. Examples include the spoil particle size 
distribution, the water to rock ratio, and internal structures (e.g. preferential flow paths), all of 
which are discussed in the following sections.  
7.3.1. Spoil and water interactions 
 
The salt concentration, chemistry, and hydraulic conductivity of the spoil were observed to 
change depending on a number of factors, including the particle size, the spoil:water ratio, the 
length of time in between leaching cycles, and the number of leaching cycles conducted. Large 
pore spaces and fast flow rates appeared to exist only for rock-like spoil in which there was 
generally limited degradation (i.e. type D spoil). In most cases, spoil degradation increased the 
proportion of fine particles, which, over time, reduced the hydraulic conductivity of the spoil, 
and led to sustained salt release. 
In the controlled particle size funnel experiment, it was observed that for most types of non-
acidic spoil, the >6 mm large particle sizes were slower to degrade and released salt more 
slowly than <2 mm size particles. Therefore, as long as coarse particles remained in a mixed 
particle size spoil sample, they would continue to release salt. A quasi-steady state equilibrium 
was observed only for spoil that had broken down into clay and silt–sized particles. Under such 
conditions, it was presumed that most readily available salts had been dissolved. However, any 
remaining salts released by minerals with lower dissolution rates may still contribute towards 
a relatively low EC.  
A higher water residence time provided more interaction time between the spoil and water, 
which produced a higher initial EC. At a medium scale in the unsaturated mesocosms, water 
was added to fresh rock-like spoil, which travelled through 1 m of dry spoil (first outflow was 
observed) in 4 minutes and 12 seconds. The mesocosms in the unsaturated moisture regime 
were saturated only for a brief period of time while the rainfall simulator was turned on and 
the spoil was continuously wet. This meant that there was a relatively short amount of 
interaction time between spoil and water, compared to the temporarily saturated and saturated 
mesocosms. It was only when the pores in the spoil were wet, that salt dissolution, diffusion, 
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and advection processes were able to occur, and therefore the outflow EC of the mesocosms in 
the unsaturated moisture regime was relatively low. 
In the small-scale mixed funnel experiment with particle sizes <1 cm and 30 mm depth of spoil, 
the delay between adding water and observing outflow was less than five seconds. However, 
due to the smaller particle sizes in the funnels compared to the mesocosms, the spoil had a 
higher specific surface area, which allowed more salt dissolution reactions to take place. These 
observations were confirmed in the controlled particle size funnel experiment, where the 
highest relative salt release was always produced by the finest <2 mm particle size. Despite 
that, the funnels showed EC values that were only about half of those measured from the 
mesocosms because the water in the mesocosms had a higher residence time.  
In the controlled particle size funnel experiments, a spike in EC was often observed in the last 
aliquot of a leaching cycle (Figure 5.22), which indicated that as the flow rate decreased, there 
was more time for dissolution reactions to occur. The contrast between slow and fast flow rates 
was most obvious in coarse spoil types, such as B8 and C4. For example, in Figure 6.32, the 
EC of the rock-like (B8) spoil in the unsaturated mesocosm increased significantly after the 
rainfall simulator pump had been turned off. 
In the temporarily saturated mesocosm experiments, the collection of a ‘predrain’ bucket of 
leachate indicated that some water had been trapped in the spoil and was slowly accumulating 
at the base of the mesocosm, in the 4 to 8 week time period between leaching events. It is not 
known if there was any variation in infiltration rates in that time period between the soil-like 
and rock-like spoil. This residual moisture was measured to have an EC that was almost as high 
as the saturated mesocosms. It is likely that saturated conditions were maintained for 4 to 8 
weeks at the base of the mesocosm, which allowed dissolution and diffusion processes to occur, 
including within the small pores. The prolonged contact time between the water and spoil 
would have encouraged degradation of spoils and allowed continuous ion exchange reactions 
to take place on the surfaces of clay minerals.  
The key differences in behaviour in the temporarily saturated spoils can be seen most clearly 
in Figure 6.18. Initially in cycle 1, both soil-like and rock-like spoil types had a similar EC, 
which was likely to have been produced by ‘first flush’ salts from the surfaces of the spoil 
particles. However, in cycle 2, while the rock-like spoil maintained a relatively constant EC, 
there was a significant increase in EC for the soil-like spoil. The observation that the soil-like 
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(B9) spoil had a higher clay content than rock-like (B8) spoil (Figure 4.23), may explain these 
results, which have also been observed in the literature e.g. Daniels et al. (2014) (Figure 7.1); 
Fityus et al. (2008) (Figure 7.4).  
Orndorff et al. (2010) compared leachate EC values for unweathered mudstone and sandstone 
under saturated and unsaturated conditions (Figure 7.12). For all three mudstone samples, it 
was observed that under unsaturated conditions, the second leachate event produced a higher 
EC than the first leachate event, which also agreed with the findings discussed above. This 
behaviour was not observed in saturated mudstone spoil, nor in unsaturated or saturated 
sandstone spoil. This confirms that there is a lag in the initial highest EC values which is only 
expressed in the second cycle when the spoils have had enough time to interact with residual 
moisture retained by the fine particles after the first leaching cycle. 
Another possibility is that the soil-like spoil has a higher proportion of swelling (mixed-layer) 
clays (e.g. montmorillonite, as indicated by the shrinkage observed in Figure 5.13). Swelling 
clays trap a higher amount of moisture than other types of clays (e.g. single-layer kaolinite), 
leading to more water contact time and greater salt release. Further research on other clay-rich 
soil-like spoil types would be needed to investigate this observation. 
Based on the results from the funnels and mesocosms experiments, the following hypothesis 
was accepted: 
“Spoil will generate a salt load depending on the particle surface area and/or the length of time 
that water is in contact with the particles.” 
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Figure 7.12. Leachate EC for unweathered mudstone and sandstone. Spoil 
compositions, fine (<2 mm), coarse (<1 cm): OSM2 (60% fines, 40% coarse); OSM6 
(79% fines, 21% coarse); OSM10 (72% fines, 28% coarse); OSM1 (23% fines, 77% 
coarse); OSM12 (45% fines, 55% coarse) (Orndorff et al., 2010) 
 
7.3.2. Dilution effect 
 
Spoil leachate contains a concentration of salt that is dependent on the interaction time between 
the spoil and water, but also the volume of water that the salt is dissolved into. For example, in 
the short-term batch leaching experiments, 40 mL of water was added to 8 g of <2 mm spoil 
and shaken thoroughly for 2 hours (Section 4.3.2). This produced a low spoil:water ratio, as 
the mass of spoil was relatively low compared to the volume of water. An EC of 736 µS/cm 
was measured for B9. The small particle size and long interaction time ensured that most of 
the readily available salts dissolved. 
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In comparison, in the controlled particle size funnel experiments, a mass of 800 g of spoil was 
subjected to a leaching event. The volume of water that interacted briefly with the spoil varied 
from approximately 50 mL to 300 mL (limited by the capacity of the funnel). When the water 
was first added, the spoil:water ratio was relatively high, which produced a high initial EC, e.g. 
in cycle 6, the first aliquot of B9 >6 mm produced an EC of 158 µS/cm. As the leaching event 
progressed, the volume of water infiltrating into the spoil increased, so the spoil:water ratio 
decreased, and the third aliquot produced a lower EC of 98 µS/cm. At the end of the leaching 
event, only a small volume of water was infiltrating through the spoil, which produced an EC 
of 224 µS/cm (Figure 5.22). 
In the short-term batch leaching experiment, the spoil and water interaction time was 2 hours, 
and yet in the funnels, a water contact time of 7 to 20 seconds for each 50 mL aliquot was 
enough to produce an EC that was approximately 1/5 the salt concentration. A larger mass of 
spoil was interacting in a relatively small volume of water. Similarly, with upscaling from 
funnels to mesocosms, the mass of spoil increases relative to the volume of water. This 
produces a higher spoil:water ratio, and an overall higher EC (Figures 6.18 and 6.20).  
A typical spoil heap is approximately 100 to 400 m in height (Simmons et al., 2016), and 
weighs approximately 1 x109 tons. A typical rainfall event in the Bowen Basin is between 1 
and 10 mm, and there are approximately 50 events per year (BoM, 2018). Realistically, the 
spoil:water ratio for a full-scale spoil heap would be several orders of magnitude higher than 
in the mesocosms, and therefore a more concentrated salt load would be expected. However, 
even at full scale it is unlikely that the concentration of salt would be so high that an equilibrium 
saturation would be reached, and salt could no longer dissolve into the water. 
Other variables must also be considered for upscaling. The first is particle size, which was 
discussed in Section 7.2. A full-scale spoil heap is likely to contain a wider variety of particle 
sizes, from large boulders (1–3 m diameter), down to fine clay and silt size particles (<0.65 
mm) (Simmons and Fityus, 2016; Plass and Vogel, 1973). The lithology and age of the spoil 
would influence the proportion of fine matrix particles and its hydraulic conductivity (Fityus 
et al., 2008; Simmons and McManus, 2004; Sobek et al., 2000). 
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Figure 7.13. Effect of leaching cycle on EC for Harlan sandstone spoil (Parker, 2013) 
Climate is another important consideration before applying qualitative scaling factors to full-
scale spoil heaps globally. The Bowen Basin is semi-arid, resulting in infrequent rain events 
and relatively high evaporation, which is common in these coal mining areas. However, coal 
mining may also take place in more temperate climates e.g. the Kemerovo Oblast in Russia, 
and the Appalachian Mountains in the USA (Mining Technology, 2013; Agouridis et al., 2012), 
where rainfall events are relatively common. Parker (2013) researched the impact of leaching 
frequency on EC (Figure 7.13) for small-scale columns and observed that EC decreased when 
the spoil was leached more often. 
Frequent leaching would flush residual moisture from the spoil, limiting slow mineral 
weathering reactions such as ion exchange reactions on the surfaces of clay minerals. In the 
temporarily saturated mesocosms (Section 6.3.2) it was observed that less water was required 
to saturate the spoil when the mesocosms were leached more frequently (e.g. 4 weeks between 
leaching events), however this also resulted in a relatively low leachate output volume. When 
the spoil was leached less frequently (e.g. 8 weeks between leaching events) a greater volume 
of water was added and drained, resulting in an EC dilution effect. Further research would be 
required to investigate the impact of leaching frequency (i.e. climate) on EC as a qualitative 
scaling factor. 
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Another feature of full-scale spoil heaps is the development of preferential flow paths, which 
assist the movement of water through the spoil by following the route of least resistance. These 
will be discussed further in Section 7.4.  
Data gathered in these experiments provided a foundation from which to develop quantitative 
parameters that can be used to model a full-scale spoil heap. Several seepage points from the 
three mines were sampled for pH and EC (Section 3.5). In general, seepage from the full-scale 
spoil heaps had a lower pH and an EC approximately 10x higher than the salt concentrations 
measured in the funnel and mesocosm experiments. There was a lack of field seepage data for 
the soil-like (B9) and rock-like (B8) samples, as they were collected from spoil which had been 
freshly excavated, not seepage heaps. Therefore, field seepage data was not compared to the 
mesocosms. However, water quality data from spoil heaps of samples B3, B5, and B6 from the 
Moorvale mine (Table 7.2) was provided. The data was compared to small-scale results from 
the mixed particle size (<1 cm) funnel experiment. 
Overall, the pH values for the full-scale spoil heaps were slightly more acidic than in the mixed 
funnel experiment. This is likely to be related to the large-scale oxidation of pyrite contained 
within the spoil, and the production of sulfuric acid. The total S values were much higher in 
the full-scale spoil heaps. This could also be related to the age of the spoil heaps, as more S 
will be produced the longer the spoil has been exposed to atmospheric conditions. The limited 
proportion of carbonate minerals in B3, B5, and B6 would not have been able to neutralise this 
acidity.  
A second observation is that the EC values in the full-scale spoil heaps were higher than in the 
mixed funnel experiment, and in fact were comparable to values produced by the mesocosms 
in the saturated moisture regime. The concentration of Na also seemed to have a strong 
correlation with the EC values, and was greatly elevated in the full-scale spoil heaps. As we 
know that the small- and full-scale spoil samples have the same lithology, the increase in salt 
concentration must be related to hydrological factors within the spoil heap, particularly the 
long unsaturated middle zone residence times and saturated conditions in the lower zone 
(Section 6.1).  
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Table 7.2. Comparison between field data for Moorvale seepage points and EC 
results for the mixed funnel experiment 
 
 Sed2_Seepage C-Pit_Seepage S-Pit Seepage 
FIELD DATA B3 B5 B6 
pH 7.76 8.56 8.44 
EC (S/cm) 12700 9340 8230 
S (mg/L) 757 593 136 
Na (mg/L) 2310 1720 1420 
FUNNELS B3 B5 B6 
pH 8.86 8.86 8.99 
EC (S/cm) 454 1138 474 
S (mg/L) 3.35 8.05 10.43 
Na (mg/L) 58.7 132.02 61.75 
 
To summarise, by comparing the results from the funnels and mesocosms, the qualitative 
scaling factors necessary to consider for later upscaling experiments were: 
1. The lithology of the spoil (clay content). 
2. The particle size distribution of the spoil (proportion of fine matrix particles). 
3. pH of the leachate and neutralising capacity of the spoil. 
4. The dilution effect. 
5. The hydraulic conductivity of the spoil. 
6. The water residence time (i.e. spoil-water contact time). 
7.4. PREFERENTIAL FLOW PATHS  
 
Preferential flow paths have been studied extensively in the field of soil science, but research 
with application to spoil heaps is relatively new. Spoil generally lacks structure, except for that 
which has been created by the dumping method (e.g. truck or dragline) (Simmons and 
McManus, 2004). Spoil also contains greater heterogeneity than soil, in terms of lithology and 
particle size. Despite these differences, the basic processes that drive the development of 
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preferential flow paths in spoil are fairly similar to those found in soil literature (e.g. Gerke, 
2006, Gazis and Feng, 2004, Su et al., 2001, Flury et al., 1994, Van Ommen et al., 1988). 
As spoil is heterogeneous, the formation of preferential flow paths is a common phenomenon. 
In this study, it was not possible to represent the internal structures of a full-scale spoil heap in 
the funnels or mesocosms. Therefore, attempts were made to identify ‘direct’ and ‘indirect’ 
indicators that preferential flow paths had started to develop by measuring, where possible, any 
increases in flow rate and the processes that had caused them (Table 7.3).   
 
Table 7.3. Direct and indirect indicators for the formation of preferential flow paths 
Funnels (direct) Mesocosms (indirect) 
1. Shrinkage cracks increased the flow rate 
in fine matrix spoil  
(<2 mm size fraction) 
1. Shrinkage cracks forming on the surface 
of the temporarily saturated mesocosms  
2. Lower EC released through continuous 
large pores  
(>6 mm size fraction) 
2. Saturated rock-like spoil has a faster flow 
rate than soil-like spoil 
3. Longer drainage times after the spoil was 
‘remixed’  
3. Tracer tests indicated that water had a 
shorter residence time in rock-like spoil 
 
Figure 7.14 illustrates the development of shrinkage cracks in fine <2 mm C6 spoil in the 
controlled particle size funnel experiment, as a ‘direct’ indication of preferential flow paths. In 
cycle 1, the spoil has no cracks, and the EC and length of time to drain the aliquots was 
relatively high. By cycle 2, cracks have developed around the rim of the funnel and through 
the centre, which greatly decreased the length of time required to collect the 1st aliquot. The 
measured EC was also relatively low.  
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Figure 7.14. Formation of shrinkage cracks, EC, and length of time required to drain a 
50 mL aliquot in sample C6 <2 mm spoil  
 
However, by the 2nd aliquot the hydraulic conductivity of the spoil had decreased (as it was no 
longer dry), and EC began to rise. From cycle 3 onwards, the pattern of cracking in the spoil 
remained fairly consistent, and the EC and the length of time required to drain each aliquot 
became quite predictable. The low EC in the 1st aliquot of cycle 2 showed that flow rate and 
spoil-water contact time were the predominant controls of salt release, as there was still a 
significant amount of leachable salt contained in the sample at that point.  
The ‘remixing’ of the spoil at the end of cycle 2 in the mixed funnel experiment demonstrated 
the impact on the hydraulic conductivity of the spoil when preferential flow paths were 
destroyed (Section 5.3.1). Drainage times increased significantly from cycle 2 to cycle 3 
(Figure 5.3) for 7 out of 11 samples, in particular for those that were not low in total S. It is 
likely that the ‘remix’ assisted in the aeration of sulfur, which produced acidity (Figure 5.5). 
As a low pH environment will increase the rate of degradation, the proportion of fine particles 
increased.  
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Figure 7.15. Mechanisms for the development of preferential flow paths in a mesocosm  
 
In the mesocosms, changes in flow rate were not detected over time, due to the experimental 
design. Water infiltrating through the spoil would have travelled vertically due to gravity, but 
as it reached the sand and gravel layer at the base of the mesocosm, there would have been 
lateral mixing of the leachate before it exited out of the drainage outlet (Figure 7.8). To counter 
this effect in future, the base of the mesocosm would need to be perforated in some way. 
Nevertheless, ‘indirect’ indicators were observed to show that preferential flow paths either 
existed or were developing in the mesocosms. Figure 7.15 is a conceptual diagram that 
illustrates the mechanisms that lead to the development of preferential flow paths at a medium 
scale. The four mechanisms hypothesised for preferential flow path development are: (1) 
surface microtopography; (2) cracks and joints; (3) spoil lithology heterogeneity; and (4) spoil 
texture heterogeneity. Each of these will be discussed with reference to Table 7.3 and Figure 
7.15. 
The mixture of spoil particle sizes in a mesocosm creates an uneven surface, which will be 
referred to as microtopography. Water contacting the spoil (either by hose or rainfall simulator) 
will tend to flow to the lowest point of topography due to gravity. Water pools in these 
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depressions, creating a localised increase in water pressure which may develop into a 
preferential flow path. The term used for this is ‘finger flow’, as the water may bypass older 
water trapped in the matrix as it flows through this faster route (Gerke, 2006; Van Ommen et 
al., 1988). While the change in flow rate due to surface microtopography was not measured in 
these experiments, there is scope to do further research in this area using subsurface moisture 
probes. 
Cracks and joints were observed in the spoil mesocosms under the temporarily saturated 
moisture regime. In particular, it was the repeated wet-dry cycles that seemed to encourage 
these features, as the clay minerals in the spoil lost moisture due to evaporation, causing 
shrinkage cracks in the soil-like spoil, and fractures and jointing in the rock-like spoil. When 
the next leaching event occurred, it was observed that water would flow naturally into these 
cracks and joints to infiltrate more readily through the spoil.  
The porosity and permeability of the spoil were related to the precipitation of salts within the 
spoil. The formation of salts gradually decreased the permeability to eventually ‘lock up’ the 
spoil. This affected the contact time between the water and the spoil. For example, a loose spoil 
would contain a mixture of different rock types and particle sizes and have a relatively high 
pore volume through which water could travel through easily. Salt dissolution would be 
relatively low. By contrast, water in a compacted, low permeability clay-rich spoil would have 
a long residence time in which salts could be mobilised.  
Spoil lithology heterogeneity was created by the mixing of different rock types as the mine 
waste was excavated. The different degradation rates within a spoil type (e.g. B9) were 
discussed in Section 7.2. Type B and C spoil are more likely to develop preferential flow paths 
based on the variation in lithology. Rock fragments that degrade slowly may form continuous 
pores that assist the rapid movement of water, while rapidly degrading particles are more likely 
to form matrix. The highly degraded saturated soil-like spoil had a relatively slow flow rate, 
which probably lacked preferential flow paths. In comparison, the saturated rock-like spoil 
remained relatively intact, and flow rates gradually increased over time as finer particles were 
washed out (Section 6.3.2).  
Spoil texture heterogeneity is a similar concept that is based on particle size and the ratio of 
matrix to framework, rather than degradation rates. Even if a spoil was composed only of one 
rock type, the different sizes of rock fragments and the way in which they are arranged would 
affect the development of preferential flow. The shorter water residence time in the rock-like 
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spoil (as indicated by the tracer tests) showed that it had a higher bulk permeability. However, 
the rock-like and soil-like spoil in the mesocosms had a comparable response time (Section 
6.3.5), which indicated that preferential flow paths existed or were developing in the soil-like 
spoil. 
Direct and indirect indicators of preferential flow paths at small and medium scales have helped 
to understand the relationship between flow rates and salt release. In general, spoil with a high 
hydraulic conductivity produced a relatively low EC – but this relationship was also dependent 
upon the amount of intrinsic salt contained within the spoil, and the number of times that the 
spoil had been leached. At full-scale, older spoil has been observed to have a higher hydraulic 
conductivity due to channelised flow and the flushing of loose material (Aljoe and Hawkins, 
1994).  
It is therefore concluded that the following hypothesis is not supported by the observations: 
“Where continuous large pores exist, they contribute predominantly to the generation of the 
salt load.” 
On the contrary, continuous large pores assist the flow of water through the spoil, decreasing 
the spoil-contact time and limiting the ability of water to distribute into the matrix. Moisture 
was necessary to allow the mobilisation of salt from pore spaces, as water is the active medium 
through which chemical interactions occur. Salt cannot be dissolved from dry spoil or 
transported without moisture. Water infiltrating through a fine matrix is likely to have a 
relatively long residence time, which is the predominant source of salt generation from spoil. 
 
7.5. SUMMARY 
The aim of the discussion chapter was to analyse results from the spoil characterisation, funnel, 
and mesocosm experiments, to enable validation in the context of other literature research and 
try to answer the research questions. This helped to better understand the controlling 
processes and mechanisms of the long-term generation of salt from spoil. 
Representative samples were classified into seven spoil classes on the basis of their salinity, 
mineralogy, texture, weathering, and rate of degradation. The rapid degradation and salt release 
of soil-like spoil types (Groups 3 and 4) agreed with salinity decay curves from the literature. 
Competent sandstone and mudrock rock-like spoil (Groups 1, 2, and 6) generally had an 
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episodic or slow degradation, and relatively constant salt release. While lithology (mineralogy 
and texture) was important, the controlling factor over degradation was the pH of the leachate. 
This was produced from the balance between acidic sulfate ions and neutralising carbonate 
minerals. 
Spoil particle size was often overlooked as a critical factor for salt release in the literature. 
Small-scale column leach experiments commonly used fine particles which produced a rapid 
salinity decay curve, while medium-scale experiments used a mixture of larger particle sizes 
that produced slower salinity decay curves. The controlled particle size funnel experiments 
demonstrated that particle size will influence salt degradation and release rates, particularly for 
rock-like spoil types. 
Previous research has observed that spoil releases salt in a decay curve, which reaches a quasi-
steady state over time. Based on the results of the degradation experiment, as well as the mixed 
funnel experiment, new hypothetical salinity decay curves were proposed. The 4 categories 
were: (A) matrix only; (B) matrix supported; (C) framework supported; and (D) framework 
only. These correlated to geotechnical classifications in previous research. 
The mesocosm experiments demonstrated that spoil-water interaction time was a key factor in 
determining the salt concentration of the spoil leachate. The saturated moisture regime 
produced the highest salinity for both soil-like and rock-like spoil. The leachate from the 
temporarily saturated and unsaturated moisture regimes was significantly lower. This agreed 
with column leaching results from the literature, although the contrast was much higher in the 
medium-scale mesocosms. The spoil:water ratio (i.e. dilution factor) as well as the leaching 
frequency were also considered to be important qualitative scaling factors. 
Direct and indirect evidence was found for the existence or development of preferential flow 
paths. In the funnels, shrinkage cracks were observed in fine particle size spoil, which increased 
the flow rate of infiltrating water. In the mesocosms, flow rates indicated that the saturated 
rock-like spoil had a relatively high number of continuous large pores. However, the soil-like 
and rock-like spoil produced a similar response time in the unsaturated moisture regime, which 
indicated that preferential flow paths may have been forming in the soil-like spoil due to spoil 
texture heterogeneity. As there has been limited research on the topic of preferential flow paths 
in spoil, further work on specific experimental design will be needed to confirm these results.      
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CHAPTER 8: 
CONCLUSIONS AND 
RECOMMENDATIONS 
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8.1. CONCLUSIONS 
Representative spoil samples from Burton, Moorvale, and Oaky Creek coal mines in the Bowen 
Basin region of Central Queensland were characterised through a number of geochemical, 
physical, and mineralogical tests to investigate their salt leaching behaviour. A spoil salinity 
classification system was introduced, and each sample was assigned to a category, from Group 
1 to Group 7, based on these properties. The spoil salinity classification system assisted in 
selecting representative spoil samples that would undergo further analysis in small-scale 
leaching experiments. 
The degradation rate of the spoil samples varied widely, and was found to have a strong 
correlation with the drainage times (i.e. hydraulic conductivity). The highest salt concentrations 
in the leachate were produced by spoil that had a relatively high total sulfur content. In acidic 
conditions, the leachate geochemistry was characterised by the presence of Ca2+, Mg2+ cations, 
and SO4
2- anions. In neutral or alkaline conditions, the leachate geochemistry was generally 
dominated by Na+ and Cl- ions.   
In general, the fine <2 mm spoil matrix particles generated the highest concentration of salt 
compared to coarser >6 mm particles sizes of the same spoil type. Fine spoil particles showed 
the most degradation and produced relatively slow drainage times, despite the development of 
shrinkage cracks. Coarse spoil particles produced the fastest drainage times, and generated a 
relatively low and constant EC over progressive leaching cycles. The exception was the coarse 
acidic dispersive spoil, which released a high concentration of salt following rapid degradation. 
In general, the leachate EC could be predicted from (a) the amount of intrinsic salt contained 
within the spoil; (b) the pH produced from the balance between sulfur oxidation and the 
neutralising capacity of the spoil (provided by the dissolution of carbonate minerals, such as 
calcite and dolomite); and (c) the ratio of framework to matrix size particles, which controlled 
the hydraulic conductivity of the spoil. Overall, degradation increased the proportion of fine 
particles in the spoil over time, which led to increased water-spoil contact times. 
The length of contact time was an important consideration for upscaling. In the medium-scale 
mesocosm tests, the saturated moisture regime produced the highest salt concentration for both 
soil-like and rock-like spoil. In general, the soil-like spoil became heavily degraded, and the 
flow rate decreased over time. Yet, in the rock-like spoil, saturation caused a washing out of 
fine particles, and there was a gradual increase in flow rate over the leaching cycles. The spoil 
202 
 
in the temporarily saturated moisture regime followed similar trends with slower progression. 
Data from the fluorescein and deuterium tracer studies in unsaturated spoil showed that water 
has a shorter residence time in rock-like spoil, as indicated by the sharper peak and decay of 
the breakthrough curve. 
Four hypothetical salinity decay curves were produced, based on experimental results. Type A 
represented ‘matrix-only’ spoil with rapid degradation and salt release (Groups 4 and 7). Type 
B, or ‘matrix-supported’ spoil produced a peak EC after several leaching events, following 
moderate degradation (Groups 3 and 5). Type C was a ‘framework-supported’ spoil that usually 
displayed episodic degradation and long-term sustained salt release (Groups 2 and 6). Type D 
was a ‘framework-only’ spoil with very slow or limited degradation, with salt release that was 
relatively low and constant over time (Group 1). 
It was concluded that while the lithology of the spoil determined the character of the leachate, 
physical properties such as the ratio of framework to matrix, hydraulic conductivity, leaching 
frequency and volume, and the amount of residual moisture, determined the rate at which salt 
was released. Direct and indirect indicators for the formation of preferential flow paths showed 
that continuous large pores were more likely to exist in rock-like spoil. In fine, matrix-
dominated or matrix-supported soil-like spoil, the development of preferential flow paths was 
more likely due to spoil texture heterogeneity. Similar response times for the first outflow in 
both soil-like and rock-like fresh spoil supported this hypothesis.  
Moisture was necessary to allow the mobilisation of salt from pore spaces, as water was the 
active medium through which chemical interactions occurred. Salt did not dissolve from dry 
spoil, but mineral weathering reactions occurred even in a relatively small volume of residual 
moisture. Water infiltrating through a fine matrix was more likely to have a long residence 
time, which allowed slower reactions to take place in between leaching events. In spoil, these 
long term reactions were the predominant source of salt generation. 
This was a critical factor to consider when upscaling to full-size spoil heaps, as different 
moisture conditions exist in the upper, middle, and lower zones of a spoil heap. Although the 
bulk of the middle zone was not well represented by the laboratory or mesocosm experiments, 
this research indicated that saturated spoil produced a higher salt concentration than spoil in 
unsaturated conditions. In general, soil-like spoil released salt rapidly to approach a quasi-
steady state equilibrium, whereas rock-like spoil produced a more gradual salinity decay over 
time. 
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8.2. RECOMMENDATIONS 
Throughout the experiments, de-ionised water was used as a solvent to produce the leachate 
from the spoil. The purpose of this was to accurately measure the salinity generated directly 
from the different spoil types. In practice, rainwater infiltrating the spoil would be a better 
choice of solvent to emulate field conditions, as it contains dissolved salt-forming ions such as 
calcium, magnesium, chloride, nitrous oxides, and sulfate, many of which are absorbed from 
the atmosphere.  
The medium-scale mesocosms provided a more accurate representation of the processes 
occurring in a full-scale spoil heap. The higher spoil:water ratio in the mesocosms allowed the 
formation of a saturated layer in the base of the spoil. By comparison, the funnels generally 
dried completely between leaching events. This residual moisture was a critical factor in the 
investigation of salt generation from spoil. It is therefore recommended that future research 
involving the replication of spoil heaps utilises this mesocosm approach. 
The open small-scale funnels, however, were suitable for representing the upper zone of the 
spoil heap, where evaporation would be relatively high. In comparison, long enclosed columns 
would be more suitable to test a saturated moisture regime of spoil on a small scale. A design 
limitation of the mesocosms was that evaporation could not be prevented in the saturated and 
temporarily saturated moisture regimes. Ideally, saturated mesocosms would have a cover to 
reduce moisture loss. Moisture probes inserted into the sides of the mesocosms would also help 
to clarify whether the water was moving uniformly through the spoil or following a preferred 
path.  
Due to the complexity of the tracer experiments and the number of variables, only two leaching 
cycles were carried out under the unsaturated moisture regime. As the unsaturated region may 
represent the bulk of the spoil heap, it is important to understand the potential release of salt 
from spoil that is subjected only to limited, brief leaching events. Further leaching cycle events 
of the unsaturated mesocosms is recommended.  
In addition, all of the mesocosms should continue to be leached for an extended period of time 
(e.g. 5 - 10 years), to provide valuable data to help predict the long-term rate of salt generation 
from spoil. Potentially, further research could be carried out to determine the time required to 
reach a quasi-steady state equilibrium for different spoil types. This would be useful practical 
information for mine operators.  
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The qualitative scaling factors for spoil dumps (from small scale laboratory experiments to full 
scale spoil heaps) have been identified at a fundamental level in this new research field. There 
is scope for considerable refinement of these factors, and also final void and seepage modelling 
to test their application. This research has confirmed that not all spoil types generate salt 
indefinitely, or at the same rate.  Field investigation on the rate of salt release from larger pilot 
scale spoil dumps is another potential research direction.  
The data collected through the spoil salinity experiments applied to a localised area where 
salinity issues were known to occur. However, the spoil salinity classification system, as well 
as the hypothetical salinity decay curves, were generalised to be applicable on a global scale. 
Further testing with spoil from other coal mining regions is recommended.  
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Table A.1 Spoil Chemistry 
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Table A.2 Short-term Batch Leaching 
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Table A.3 Cation Exchange Capacity (CEC) 
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Table A.4 Particle Size Distribution 
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Table A.5 Hydraulic Conductivity 
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Table A.6 Degradation Experiment – Electrical Conductivity (EC) 
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Table A.8 Degradation Experiment – Mass of the Largest Fragment 
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Figure A.9 Bulk XRD Spectra 
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Table A.11 Quantitative XRD – Fresh Spoil 
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Table A.12 Quantitative XRD – Leached Spoil 
 
 
Table A.13 Petrography – Sedimentary Texture 
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Figure A.14 Scanning Electron Microscopy (SEM – EDS) 
C6: Accelerating voltage: 20 kV; Spot size: 10 mm; Magnification: 10.0 k; BSE-COMP 
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B.1 Drainage Rates – Mixed Particle Size Funnel Experiment 
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B.2 pH – Mixed Particle Size Funnel Experiment 
 
 
  
235 
 
B.3 Electrical Conductivity (EC) – Mixed Particle Size Funnel Experiment 
 
 
B.4 Leachate Chemistry – Mixed Particle Size Funnel Experiment 
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B.5 Drainage Rates – Controlled PSD Funnel Experiment 
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B.6 pH – Controlled PSD Funnel Experiment 
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B.7 Electrical Conductivity (EC) – Controlled PSD Funnel Experiment 
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B.8 Leachate Chemistry – Controlled PSD Funnel Experiment 
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B.9 Piper Diagrams – Controlled PSD Funnel Experiment 
Cycles 
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C.1 Drainage Times  
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C.2 pH  
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C.3 Electrical Conductivity (EC) 
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C.4 Leachate Chemistry – Temporarily Saturated Moisture Regime 
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C.5 Leachate Chemistry – Saturated Moisture Regime 
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C.6 Water Balance Calculations – Temporarily Saturated Moisture Regime 
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C.7 Water Balance Calculations – Saturated Moisture Regime 
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C.8 Leachate Chemistry Graphs – Predrain 
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C.8 Leachate Chemistry Graphs – Temporarily Saturated Soil-like 
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C.8 Leachate Chemistry Graphs – Temporarily Saturated Rock-like 
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C.8 Leachate Chemistry Graphs – Saturated Soil-like 
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C.8 Leachate Chemistry Graphs – Saturated Rock-like 
 
